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Abstract 
The use of nanofillers to enhance the properties of conventional composite has been 
studied since the 1990s. It has been proved that nanocomposite has superior 
mechanical, electrical and thermal properties compared with conventional composite. 
When polymer devices were first used in power transmission systems to replace 
porcelain devices, many of them did not reach the expected service life, and early 
failures created many challenges for the power companies. Just like most polymeric 
materials, the long-term performance of nanocomposite faces the same problem, an 
issue which demands further investigation. In this thesis, the effect of accelerated 
weathering on different kinds of nanocomposite, as well as micro-composite and 
micro-nano-composite, is studied. The specimens are prepared using various types of 
synthesising methods including sonication and a relatively new technique called the 
‘planetary centrifugal mixing technique’. The latter technique is an effective 
synthesizing method that could be applied in industry to produce bulk nanocomposite 
with a good dispersion of nano-fillers within a host matrix. Detailed analysis and 
comparison between these mixing techniques to achieve a uniform dispersion of the 
fillers are presented. In order to simulate the long-term aging process in these 
specimens, a multi-stress accelerated aging method based on ASTM G154 standard is 
applied to age the nano, micro, and micro-nano-composite specimens. The 
experimental results show improvements in electrical, thermal and mechanical 
properties such as improved dielectric breakdown strength, glass transition 
temperature and thermal stability in nanocomposite and nano-micro-composite both 
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before and after aging. All the nanocomposite specimens exhibit a significantly higher 
glass transition temperature than pure epoxy resin specimens; the results also showed 
that the accelerated aging process tends to further increase the glass transition 
temperature, which can be explained by the curing behaviour of epoxy resin. However, 
both nanocomposite and nano-micro-composite tended to lose the superior surface 
partial discharge resistance after the accelerated aging. The outcomes of this thesis 
proved that the most of the unique bulk properties of nanocomposite and nano-micro-
composite can remain after a lengthy aging process, but the superior surface 
properties tend to degrade with time. This research also provides an effective 
approach for synthesising nanocomposite materials.  
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Chapter 1 Introduction 
1.1  Background statement 
Over the past few decades, polymer has been one of the most commonly used 
materials providing electrical insulation between high voltage conductors and earth in 
power system equipment. Additives and fillers are widely used in the synthesising 
process to enhance the mechanical and electrical properties of polymer. Common 
fillers such as silica, alumina or magnesia are introduced to the polymeric host matrix 
to improve the thermal performance as well the electrical performance, such as the 
breakdown voltage of the insulating material. These fillers are usually of varying 
amounts – from several to hundreds of microns – and are commonly known as micro-
sized fillers.  
 
Lewis [1] first introduced nanocomposite – more commonly known as nanodielectric – 
to power system researchers as an electrical insulating material back in 1994. It was 
believed that the introduction of nano-sized fillers (also known as nanofillers) to 
polymer could lead to another revolution in the field of dielectric material. Over the 
past 15 years, researchers have observed and reported many superior properties in 
nanocomposite [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14]: for example, 
nanocomposite tends to produce higher breakdown strength than conventional 
composite. A general improvement from 10% to 200% in the dielectric breakdown 
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strength, reported in previous studies, was shown to be dependent on the percentage 
loading, the type of nanofillers and the type of host matrix [7] [9] [13]. In terms of the 
permittivity of the nanocomposite, the change was reported as minimum when the 
percentage loading of the nanofillers was below 1 wt% and, in some cases, a slight 
decrease in permittivity was reported when compared with pure specimens [9]. When 
the percentage loading of nanofillers was higher than 5 wt%, the permittivity of 
nanocomposite showed a noticeable increase (approximately 10% to 30%) with the 
increase of percentage loading of nanofillers [8] [9] [11] [15]. The space charge 
measurement has also been widely used in evaluating the performance of 
nanocomposite. Accumulation of the space charge was able to be reduced by 
introducing nanofillers to conventional composites, especially under a higher electric 
field environment. The maximum field intensity of nanocomposite measured by 
pulsed electro-acoustic (PEA) method was shown to be only 55% of the conventional 
composite [16]. In the area of partial discharge performance of nanodielectric, 
researchers from Japan studied the partial discharge erosion depth on composite filled 
with both nanofillers and microfillers, and a combination of the two. It was reported 
that the nano-micro-composite has superior partial discharge resistance compared to 
single nanocomposite [6] [17].  
 
Based on the findings of these previous studies, it is obvious that nanofillers improve 
the electrical properties of the conventional composite due to the larger interfacial 
regions created between the host matrix and the nano-sized fillers. These interfacial 
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regions, also known as interaction zones, are considered to become predominant as 
the filler particles are reduced significantly in size, which leads to an increase in volume 
fraction. Compared to the micro-sized fillers, the nanofillers have high surface-area-
to-volume ratio, especially when the size of particles decreases below 100nm. This 
high surface-area-to-volume ratio eventually leads to a significant volume fraction of 
polymer surrounding the fillers that is affected by the fillers surface and has properties 
different from the bulk polymer [1] [18]. This research found that all of these studies 
reported over the past 15 years focused on the characterisation and short-term 
performance of newly made specimens. It is still largely unknown to the research 
community how nanocomposite performs over a long period of time. In transmission 
and distribution systems, high voltage equipment such as insulators, bushings and 
cable insulations are subjected to heat, ultraviolet radiation, humidity and electric field 
stress. Continuous exposure to these weather elements will affect the performance of 
dielectric materials; therefore, research study dedicated to the long-term performance 
of polymers with nano-sized fillers, micro-sized fillers as well as the combination of 
micro-nano-sized fillers will be of great interest to many researchers and equipment 
manufacturers.  
 
In this study, a multi-stress accelerated weathering method is applied to the specially-
prepared nanodielectric specimens to speed up the degradation process of the 
specimens. The accelerated weathering method applies continuous aggravated heat 
radiation, humidity and ultraviolet radiation exposure to the specimens. The multi-
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stress accelerated weathering process allows us to simulate an aging mechanism 
similar to the one experienced in the field. This thesis also investigates the 
effectiveness of various mixing techniques applied during the synthesising process. To 
produce bulk polymer on an industrial scale in a cost-effective manner, a unique mixing 
technique called the ‘centrifugal mixing technique’ is investigated and compared with 
other mixing techniques such as sonication. In order to provide an insight into how 
nano-fillers are modifying and enhancing the properties of polymer, the role of 
interfacial regions is discussed in the thesis.  
 
1.2  Objectives and motivation 
Nanocomposite has the potential to provide a more superior electrical insulation in 
the next generation of power apparatus, insulators and cables. However, for now, the 
long-term performance of nanocomposite is still largely unknown. Most of the current 
studies focus on the property of the newly made specimens. Since the conventional 
composite faced many problems, including premature failures after it was widely 
applied in industry, the application of nanocomposite could also experience similar 
issues over the long term. In the study carried out by M. Kumosa [19], one of the 
mechanical failure modes of the insulators, called ‘brittle fracture’, is investigated. An 
example of brittle fracture of composite insulators operating at 345kV is shown in 
Figure 1.1 and the design of the insulator is based on epoxy cone end-fittings. M. 
Kumosa reported that fourteen catastrophic brittle fracture failures occurred on a 
345kV line and at least two hundred other insulators suffered from damages and 
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degradation to various degrees [20]. Other similar failures of polymer insulators are 
also reported by EPRI [21]. 
 
 
Figure 1.1 345kV composite insulators field failed by brittle fracture. [20] 
A severe electrical incident caused by the insulation failure of an epoxy insulator in the 
distribution line was reported by the Government of Western Australia on 13 February 
2014 [22]. The failure was caused by the leakage current across the insulator on a 
19.1kV high voltage line and resulted in a pole-top fire. The pole-top fires resulting 
from the leakage currents eventually generated sufficient localised heating to ignite 
the timber. When the pole burnt through the insulator, 19.1kV conductor and 
associated earth/return conductor, together with the burning embers, fell to the 
ground and ignited the dry grass. The residents did not notice the HV conductors 
suspended above the ground due to the smoke in the area. Two persons eventually 
came in contact with the live 19.1kV conductor and received serious burns. 
 
The objective of the thesis is to carry out a comprehensive study on effect of 
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accelerated weathering on nanocomposite and to examine how its performance 
compares to that of the conventional composite. To achieve this, dielectric specimens 
are prepared in the polymer laboratory at RMIT University using nano-sized, micro-
sized and nano-micro-sized fillers (Al2O3, SiO2 and MgO) and epoxy resin as the host 
matrix. The specimens are then subjected to an accelerated aging process using the 
QUV accelerated aging chamber based on the ASTM G154 specification. To study the 
effectiveness of mixing methods that can produce a good dispersion of the fillers, 
various mixing methods are applied and results are compared and discussed. Final sets 
of specimens filled with fillers of different types and sizes are then prepared in the 
laboratory using the time-effective mixing technique called the planetary centrifugal 
mixing method’. 
 
In this thesis, critical performance indicators are studied before and after the 
specimens are aged. Such indicators are: the AC electrical breakdown strength; glass 
transition temperature; surface partial discharge level and characteristic, percentage 
weight loss; and infrared spectrum of the nanocomposite. These critical parameters 
reflect the electrical, mechanical and thermal properties of the specimens which are 
important in the design of the nanocomposite as an insulating material. The details of 
material characterisation are discussed in the thesis. The role of interfacial regions 
critical in creating the unique property of nano-size fillers is also discussed throughout 
the thesis. This thesis will create a better understanding of the performance of 
nanocomposite when it is subjected to a multi-stress environment. 
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1.3  Research questions and contributions 
This research project addresses several important issues related to the research of 
nanodielectric by answering the following research questions:  
1) How does the nanocomposite perform over a long period of time compared to 
conventional composite with micro-sized filler?  
2) Would all of the superior properties observed on the newly made specimens still 
remain after the accelerated aging process?  
3) Would the combination of micro-sized fillers and nano-sized fillers in the host matrix 
achieve the best outcomes in terms of product cost and performance?  
4) Does the planetary centrifugal mixing technique provide a better homogeneous 
dispersion of the fillers compared to other mixing techniques?  
 
The original contributions from this research can be summarized as follows: 
1. Multi-stress accelerated aging methods are applied to study the effect of 
accelerated weathering on nanocomposite. A better understanding of the 
behaviour of nanocomposite over a long period of aging is achieved in this 
research. 
2. Nanocomposite and nano-micro-composite are prepared for comparison. The 
results in this research show that nano-micro-composite has the best long-
term performance among all of the specimens studied in this thesis. 
Production of micro-nano-composite is more cost-effective compared to nano-
composite and has fewer barriers to be introduced and adopted in various high 
8 | P a g e  
 
voltage applications.  
3. A planetary centrifugal mixing technique is proved to be able to provide a 
homogenous dispersion of the particles. Compared with sonication, which is 
commonly used to synthesis nanocomposite in the laboratory, the planetary 
centrifugal mixing technique is able to produce large quantities of 
nanocomposite and has the potential to be applied in the manufacturing 
industry. 
 
1.4  Thesis structure 
The structure of this thesis is presented in the following manner:  
 
Chapter 1 gives a general introduction to the background and objectives of this 
research. Research questions related to this thesis as well as the contribution and list 
of publications are provided.  
 
Chapter 2 presents the relevant studies and the current body of knowledge in the field 
of nanodielectric and accelerated aging. Comprehensive reviews of the host matrix 
and fillers are provided. Dispersions of fillers using various dispersion techniques to 
reduce agglomeration of fillers are presented. This chapter also reviews the various 
types of aging processes commonly applied to polymeric samples.  
 
 
9 | P a g e  
 
Chapter 3 introduces the research method and material characterisation techniques 
that have been applied in this research, including the equipment and experimental set 
up and configuration used for the experimental works. Existing interfacial models for 
nanodielectric are introduced.  
 
Chapter 4 presents the materials used in this study and sample preparation procedure. 
The results obtained from the sonication method and planetary centrifugal mixing 
method of different durations are presented in this chapter 
 
Chapter 5 presents the electrical, thermal and mechanical performances of 
nanocomposite, micro-composite and micro-nano-composite on the newly made 
specimens. The following critical performance indicators are measured and analysed: 
AC electrical breakdown strength; glass transition temperature; surface partial 
discharge level and characteristic, percentage weight loss; and infrared spectrum of 
the nanocomposite.  
 
Chapter 6 explores the long-term performance of nanocomposite using an accelerated 
aging method. The aging technique based on ASTM G154 standard is presented. 
Critical performance indicators before and after the aging process are compared and 
discussed.  
 
Chapter 7 presents the conclusion and discussion. 
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Chapter 2 Literature Review 
2.1 Introduction 
In the power system, the function of an insulator is to provide a necessary clearance 
between the conductors or between the conductors and the pole or tower. The basic 
types of insulators can be divided into pin-type insulators, suspension insulators and 
strain insulators. Pin-type insulators are mainly used in the distribution lines for the 
voltages from 23kV to 88kV. The glass pin insulators are generally used on low-voltage 
circuits and the porcelain or polymer pin insulators are used on secondary mains and 
services, as well as on primary mains and feeders [23]. All the insulators provide two 
main functions to the system – mechanical support and electrical isolation. To achieve 
the optimal balance of the mechanical and electrical functions is always the objective 
for the insulator designers. In some other devices, such as circuit breakers and 
transformers, thermal conductivity is also a crucial property that needs to be 
considered. 
 
Compared with conventional porcelain insulation, the long-term performance or 
expected service life of polymer products is largely unknown. Since polymer materials 
have weaker bonds than porcelain, they can age at accelerating rates when the 
insulating materials are exposed to extreme weather stresses such as ultraviolet 
radiation, humidity, heat and electrical stresses and when their superior properties are 
changed by the multiple stresses encountered during their service life [22]. On the 
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other hand, polymeric insulating materials are much lighter in weight, easy to handle 
and easier to manufacture. These advantages make them a very attractive alternative 
to porcelain insulation. Currently, most of the polymer-based insulators still use micro-
sized fillers as the additives to enhance the properties of the material. The types of 
micro-sized fillers include: reinforcing fibers (baron, caron and fibrous mineral); 
conductive fillers (aluminium powders, carbon fiber and graphite), flame retardants 
(metallic salts, chlorine and bromine), extender fillers (calcium caronate, silica and 
clay), plasticizers (low-molecular-weight materials) and colorants. In the last decade, 
with the development of nanotechnology, composite filled with nano-sized particles 
are synthesised in the laboratory and are shown to be more superior than 
conventional composite [2-19]. 
 
2.1.1 Nanocomposite  
The use of polymeric material in power transmission systems has been steadily 
increasing over the last 40 years [23]. With the development of nanotechnology, 
polymer-based nanocomposite was introduced to power systems as electrical 
insulating materials by Lewis in 1994. Lewis presented the theoretical aspect of a nano-
scale interface area in nanocomposite which can lead to improvement in the dielectric 
properties of the material [1]. The first observation of the improvement of dielectric 
properties in nanocomposite was reported in 1992 [24]. A further study was carried 
out by Henk in 1999 [25]. He achieved an increase of 2000% in partial discharge 
endurance time on the 5.4 wt% silica-filled nanocomposite specimens. Since then, 
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more articles have reported the substantial increase in the dielectric property of the 
nanocomposite [61-75]. Also, the types of nanofillers studied and investigated has 
increased substantially over the last 10 years. The current body of knowledge shows 
that the dispersed nanofillers in polymers are able to increase the breakdown strength, 
enhance the resistance to partial discharge and reduce the surface roughness [6] [17].  
 
The key factor controlling the performance of nanocomposite is considered to be the 
interfacial region between the nanofillers and the polymer matrices. A study carried 
by J.K Nelson investigated the effect of interface in SiO2 polyethylene nanocomposite 
[14]. In his work, two main features exhibited by nanofillers are believed to be 
dominant factors influencing the property of nanocomposite. The first one is the 
mobility ascribed to the physical and chemical bonding at the interface, and the other 
is the formation of a double layer in the interface area, which can influence the local 
conductivity [18] [28]. The impact of both of these mechanisms relies on the 
substantial increase in the interface area, which is a core characteristic of 
nanocomposites. The dominant mechanism will be very dependent on the chemistry 
of the components involved. The characteristic of nanocomposite is highly dependable 
on the type of host matrix and the nano-fillers used in the study.  
 
2.1.2 Host matrix  
Previous studies in nanodielectric mainly focus on three types of polymers, namely, 
epoxy resin, silicone rubber and polyethylene. The following section introduces the 
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unique molecular structure and properties associated with these polymers.  
 
a) Epoxy resin 
The term ‘epoxy resins’ is referred to in both the prepolymers and to the cured resins. 
In the cured resins, although all the reactive groups may already react and the cured 
resin no longer contains the epoxy groups, they are still generally regarded as epoxy 
resins. Many methods are available for the synthesis of epoxy rings. The most 
important routes for the manufacture of epoxy resins are the reaction of a halohydrin 
with hydroxyl compound, and the oxidation of an unsaturated compound with a 
peracid. The earliest commercialized epoxy resins were the reactive products of 
bisphenol A and epichlorohydrin (see Figure 2.1) and until now, this is still the major 
route for manufacturing most epoxy resins. 
 
Figure 2.1 Epoxy resins reacted from bisphenol A and epichlorohydrin [29]. 
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In order to convert epoxy resins to hard, infusible thermoset networks, it is necessary 
to use a cross-linking agent. Curing can occur by either homopolymerisation initiated 
by a catalytic curing agent or a polyaddition/compolymerisation reaction with a 
multifunctional curing agent [29]. The curing process can cause major changes in the 
properties of the epoxy resins. The resin and hardener mixture are in liquid form at 
first; finally, they will form an elastic solid. The glass transition temperature of the 
curing resin increases when curing proceeds and the changes are represented in a 
time-temperature-transition (TTT) diagram introduced by Gillham in 1986.  
 
Figure 2.2 shows a simplified time-temperature-transition (TTT) diagram. Tgo is the 
glass transition temperature of the mixture of epoxy, hardener and additives. When 
cure temperature Tc is smaller than Tgo, the mixture is glass (1) and the reaction of 
epoxy groups is inhibited. In glass (2), the epoxy resin vitrifies before the gelation and 
the in glass (3) the transition temperature increases with increased cross-linking of the 
polymer chains [29]. Epoxy resins are considered to be stronger than other resins. 
Viscosity of the epoxy resins is generally higher than other resins with an mPa of 600 
to 10000. Examples of the application of epoxy resins in power systems can be found 
in bushings and insulators.  
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Figure 2.2 Simplified time-temperature-transition (TTT) diagram [29]. 
b) Silicone rubber 
Silicone rubber is an elastomer composed of silicone together with carbon, hydrogen, 
and oxygen. According to ASTM-D1418 standard, the classification of silicone rubbers 
is outlined in Table 2.1. In the industry, silicone rubber can also be classified as liquid 
silicone rubbers, high temperature vulcanizing and room temperature vulcanizing 
rubbers. The synthesis of silicones usually involves reacting a chlorosilane with water. 
This produces a hydroxyl intermediate and condenses to form a polymer-type 
structure. Silicone rubbers are usually cured with peroxides such as 2,4-
dichlorobenzoyl peroxide, t-butyl perbenzoate and benzoyl peroxide. Compared to 
other polymers, silicone rubbers have better thermal stability, low toxicity and low 
chemical reactivity, and are widely used to produce lightweight insulators for medium 
voltage and high voltage applications.  
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Table 2.1 Silicone rubber classification according to ASTM-D1418 standard 
Class Description Application 
MQ 
Silicone rubbers having only methyl groups on 
the polymer chain (polydimethyl siloxanes) 
Not commonly used 
VMQ 
Silicone rubbers having methyl and vinyl 
substitutions on the polymer chain 
General purpose 
PMQ 
Silicone rubbers having methyl and phenyl 
substitutions on the polymer chain 
Extremely low temperature 
applications 
Not commonly used 
PVMQ 
Silicone rubbers having methyl, phenyl and 
vinyl substitutions on the polymer chain 
Extremely low temperature 
applications 
FVMQ 
Silicone rubbers having fluoro, methyl and 
vinyl substitutions on the polymer chain 
Applications involving fuel, oil 
and solvent resistance. 
 
c) Polyethylene 
Polyethylene is the most common plastic with variable crystalline structure and an 
extremely large range of applications depending on the particular type. Polyethylene 
is commonly categorized into: low-density polyethylene (LDPE); cross-linked 
polyethylene (XLPE); very-low-density polyethylene (VLDPE); linear low-density 
polyethylene (LLDPE); high-density polyethylene (HDPE); and ultra-high-molecular-
weight polyethylene (UHMWPE). The manufacturing processes of polyethylene are 
normally categorized into ‘high pressure’ and ‘low pressure’ operations. The high 
pressure process is generally recognized as producing conventional LDPE and the low-
pressure process is commonly used to make HDPE and LLDPE. Under very high 
pressures, the ethylene gas could be converted into a solid in the presence of minute 
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quantities of oxygen: 
 
 
While the use of an aluminium based catalyst permits the polymerization of ethylene 
at the much lower pressure: 
 
 
The properties of polyethylene are largely related to the types of polyethylene. 
Generally speaking, polyethylene is lower in hardness and strength compared with 
other polymers, but has a higher ductility and impact strength as well as low friction 
[30]. Polyethylene is commonly found in applications such as cable or wire insulation.  
 
2.1.3 Nanofillers  
Nanocomposite is created in order to imbue guest material with excellent 
characteristics, while retaining the good characteristics of the original host matrix. It is 
possible to create a nanocomposite with both high thermal conductivity and high 
electrical breakdown strength, which are usually contradictory [11]. For the 
nanocomposite, the host matrix usually consists of inorganic materials that have 
excellent optical, electrical, mechanical and thermal properties, while the fillers can be 
organic in order to provide excellent properties such as lightness, flexibility and 
moldability. The success of organic/clay composites provides powerful evidence that 
Ethylene+ 
<10 ppm oxygen 
80 – 300 °C 
1000 – 3000 bar 
Polyethylene 
Ethylene+ 
Catalyst 
70 – 300 °C 
10 - 80 bar 
Polyethylene 
19 | P a g e  
 
the combination of an organic substance as a host with an inorganic substance as a 
guest has the potential to create a material with ultimate properties. The properties 
of nanocomposite also depend strongly on the geometry of the nanofillers. Ajayan 
grouped nanofillers used in nanocomposite synthesizing into three categories based 
on the shapes and size: fiber or tube nanofillers, plate-like nanofillers and qui-axed 
nanofillers [31]. 
 
a) Nanotube or nanofiber fillers 
Carbon nanotube is the best example of nanotube filler. These nano-sized whiskers 
were first noticed by Sumio Iijima in 1993 [32]. Multi-walled nanotubes consisting of 
two or more concentric cylindrical shells of graphene sheets were the first observed 
nanotubes. The properties of carbon nanotubes are unique compared with traditional 
carbon fibers. The structure of the nanotubes is at atomic level and represents the 
most perfect ordered carbon fibre. The mechanical and thermal properties of carbon 
nanotubes, which were determined directly on nanotubes by using various methods 
of loading with an atomic force microscopy (AFM) [33], are reported in Table 2.1. The 
electrical properties of nanotubes are also unique. The electrons are confined in the 
radial direction in the singular plane of the graphene sheet. In most helical tubes that 
contain a large number of atoms in the unit cell, the 1D band structure shows an 
opening of the gap at the Fermi energy, lending it semiconducting properties [34]. 
Therefore, this special electronic conduction process only happens in small nanotubes. 
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Table 2.2 Theoretical and measured properties of carbon nanotubes compared with graphite 
[33]. 
  
 
b) Plate-like nanofillers 
The most commonly used plate-like nanofillers are layered silicates. Mica, which is 
made of large sheets of silicate with strong bonds between layers, is one of the most 
well-known layered silicates. Compared to mica, smectic clays or phyllosilicates have 
relatively weak bonds between the layers. Smectic clays consist of two sheets of silica 
tetrahedra with an octahedral sheet of alumina or magnesia at each layer. Due to the 
isomorphic substitution, each unit cell has a negative charge between 0.5 and 1.3. 
These charge-compensating cations provide a route to rich intercalation chemistry so 
that surface modification is important to disperse nano clays into polymers. 
 
c) Equi-axed nanofillers 
The properties of the fillers are greatly affected by the size of the particles. For example, 
the optical absorption spectrum of Au changes with the size of the Au particles. The 
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electroluminescence of semiconducting nano particles is also size-dependent. At the 
nanoscale, the physical, chemical and electrical properties differ from the properties 
of individual atoms and bulk material. Development of ceramic nanoparticles such as 
silica, alumina, titania and so forth has been studied with much success in many areas. 
Silica is one of the most commonly used ceramic particles. Nano silica particles, the 
same as other ceramic nanofillers, can be obtained by either a physical or chemical 
approach. One of the most widely used methods used to produce pure silica particles 
is the so-gel method, due to its ability to control the particle size, size distribution and 
morphology through the reaction parameters [35]. The nanoscale particles are 
considered to create a larger interfacial region between the polymer and nanofillers, 
which will greatly affect the electrical properties of nanocomposite. 
 
Figure 2.3 Silica particles obtained by controlling reaction parameters: (a) 21 nm, (b) 131 nm, 
(c) 369 nm [35]. 
In this thesis, three types of nanofillers (SiO2, Al2O3 and MgO) are used to prepare the 
nano and nano-micro-specimens. All the nanofillers used in this thesis are spherical 
particles which belong to the category of equi-axed nanofillers. The details of these 
nanofillers are given in Chapter 4.3. 
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2.2 Synthesising technique and category 
In the previous studies, various processing techniques have been used for synthesizing 
nanocomposite. The synthesizing techniques can be basically categorized into three 
categories: in-situ polymerization, melt blending method and sol-gel method. 
 
2.2.1 In-situ polymerization  
In-situ polymerization is a method in which particles are dispersed first in monomer 
and then the mixture is polymerized. In Yang’s study [36], nanocomposites with 
polyamide-6 matrix and silica inclusions were prepared by first drying the particles to 
remove any water absorbed on the surface. Then the particles were mixed with e-
caproamide and concurrently a suitable polymerization initiator was added. The 
mixture was then polymerized at high temperature under nitrogen. This technique 
produced well-dispersed samples when the inclusions were around 50 nm, but 
aggregation occurred for smaller particles around 12 nm [4]. The synthesizing method 
used in this research is in-situ polymerization. The details of the processing method 
are discussed in Chapter 4 and the nanofillers dispersion method is presented in the 
Section 2.3.4. 
 
2.2.2 Melt blending method  
The melt blending method can only be applied on thermoplastic composite such as 
polyethylene (PE) and polypropylene (PP). The melt blending method is performed 
under conditions of pressure, temperature and intensive mixing sufficient to produce 
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a thermoplastic composition wherein all the polymeric components are in a flowable 
form without substantial degradation. The nano particles or clay are dispersed into the 
melted polymeric components to form a melt compounding mixture. The melted 
composite is normally carried out using a twin-screw extruder at a suitable 
temperature. The mixture is then stirred at a higher temperature of 80°C to 150°C for 
a few hours in order to achieve a uniform dispersion of the nanofillers [37]. 
 
2.2.3 Sol-gel method  
The sol-gel method is a method of synthesizing and dispersing fine, glassy particles 
chemically in a polymer by reactions in the sol-gel process such as the hydrolysis 
dehydration condensation reaction. Specifically, metal alkoxides are hydrolyzed or 
condensed with an alkali-catalyst. Generally, tetraethoxysilane or tetramethoxy-silane 
is used to precipitate SiO2 or nano particles, in a polymer. In the sol-gel method, a glass 
is synthesized by heating a gel converted from a solution via a sol. This is because a sol 
is a colloid, the dispersion medium is a liquid and the dispersed material is a solid; a 
sol is also called a ‘colloidal solution’. Sol is prepared by a method in which particles 
are grown as a resut of condensation, deposition and reaction, or by a method in which 
coarse particles are made finer by mechanical, electrical, or chemical process. The gel 
is a jelly-like material obtained by solidifying the sol. Although the gel contains vacant 
spaces or liquid components similarly to water, the shape of the gel is well maintained 
because the gel has a support structure throughout its system [38]. 
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2.2.4 Nanofiller dispersion method 
One of the key limitations in the commercialization of nanocomposites is the nano 
particles dispersion method. Without a good dispersion of the nanofillers, the high 
interfacial area resulting from nanofillers will be compromised and the agglomeration 
of nanofillers can act as defects, which will ultimately degrade the performance of the 
nanocomposite. Good dispersion and poor dispersion are illustrated schematically in 
Figures 2.4(a) and 2.4(b). In the in-situ polymerization method, the sonication method 
(also known as ‘ultrasonication’ as shown in Figure 2.5) is the most commonly used 
method to disperse nanofillers into the host polymer matrix in the laboratory. It has 
been proved that sonication is an efficient method to achieve a homogenous 
dispersion of nanofillers.  
 
 
Figure 2.4 A schematic illustrating the difference between good dispersion and poor 
dispersion. 
Sonication is a process that converts the high-frequency electrical signal created by an 
ultrasonic generator (generally more than 20kHz) into a physical vibration by using 
piezoelectric crystals. A sonication probe is used to amplify the vibration and transmit 
the vibration to the solution being sonicated. The probe moves up and down at a high 
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frequency and creates an effect called cavitation. Cavitation sends out tiny shockwaves 
into the surrounding substance and breaks apart the particles in the solution. However, 
the application of sonication is limited in the laboratory because it can only be used to 
synthesize a small amount of specimen. Therefore, an alternative method, called the 
‘planetary centrifugal mixing technique’ is proposed in this research to be used to 
disperse nano particles. Some recent studies have already started to use the planetary 
centrifugal mixing technique to replace sonication or combine sonication with 
planetary centrifugal mixing in the laboratory. Compared with sonication, the 
planetary centrifugal mixing technique requires less mixing time, creates less air 
bubbles and is able to produce larger quantities of specimens. The planetary 
centrifugal mixing technique can also be carried out in a vacuum environment, which 
will greatly reduce the air bubbles in the dispersion process and reduce the defects in 
the specimens. A detailed description of the principle of the planetary centrifugal 
mixing technique can be found in Chapter 4.4.2.  
                           
Figure 2.5 Schematic of sonication method [39]. 
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2.3 Study of the long-term performance of nanocomposite  
Many results from current and past research studies show that nanodielectric has a 
promising future in applications such as batteries, capacitors, high voltage cables and 
high voltage insulators [40]. The long-term performance of nanodielectric is one of the 
main factors in determining the suitability of the material in applications that are 
exposed to weather elements such as ultraviolet radiation, moisture, temperature and 
pollutions. Accelerated degradation of dielectric will occur when an insulation system 
is subjected to a combination of electrical (due to supply voltage and enhanced electric 
field), mechanical (weight of conductor and wind loading) and environmental stresses 
(elements of weather and temperature). The combined effect of electrical, mechanical 
and environmental stresses is still largely unknown due to a lack of research in this 
area. The combined stresses can lead to issues such as surface erosion, surface 
tracking and cracks in high voltage insulators.  
 
2.3.1 Electrical erosion tests 
Some studies were carried out by Masahiro et al. and T. Tanaka to investigate the 
surface erosion due to partial discharges on nanocomposite [9] [38]. In these works, 
the surface erosion was created by applying a non-uniform electric field stress using 
needle-gap-plane electrode configuration with the supply voltage of 4 kVrms at 720 
Hz and 600 Hz. The host matrix that was studied was epoxy resin and the nano filler 
was silica, SiO2 and Titanium Oxide, TiO2. The partial discharge activities localised at 
the tip of the needle electrode caused varying degrees of surface erosion after an 
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exposure of 20, 60, 120 hours. Takala et al. [17] also conducted a study on the partial 
discharge endurance of nanodielectric composed of polypropylene and nano-size silica. 
Tests were carried out at 2, 3, 4 and 5kVrms voltage until breakdown occurred.  The 
electrode setup used was a conical rod-gap-plane electrode configuration, where the 
gap between the rod and test samples simulated small, puncture-like flaws in the 
insulation. The surface erosion in these studies was caused by ionization on the surface 
above the electrode and the heat produced by the partial discharge. Partial discharge 
erosion test was also performed in a study carried out by the CIGRE Working Group in 
2012 [9]. The results showed that nano-micro-composite provided better resistance 
against partial discharge erosion compared with neat epoxy, micro-composite or 
nanocomposite. The improved performance of nano-micro-composite was due to the 
excellent property of inorganic filler in withstanding a much higher temperature and 
providing a barrier to the discharge. 
  
Inclined plane tracking tests have also been used to study the resistance of 
nanocomposite against severe surface tracking [10] [41]. These tests are designed to 
be short in duration and aggressive in their nature. Therefore, they are not considered 
representative of whole-life aging as experienced by materials in the field.  In 2011, a 
study carried out by Rowland used the DC inclined plane tracking test to evaluate the 
performance of silicone rubber and micro and nano-filled epoxy resin [42]. The DC 
voltages used in this study are 2.25 kV, 2.7 kV and 3.15 kV. The plaque was placed 45° 
to the horizontal and contaminant dripped down from the top electrode to the bottom. 
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The water flow rates for 2.25 kV and 2.7 kV and 3.15 kV were 150 µl/min, 225µl/min 
and 300µl/min respectively. The images of the sample surface were captured every 
67ms and synchronized to the leakage current measurement.  
 
2.3.2 Accelerated aging tests on nanocomposite 
Until now, only a small amount of studies has been done to study the effect of 
accelerated aging on nanocomposite. In the study carried out by Grigoriadou in 2010, 
the ultraviolet (UV) stability of HDPE nanocomposite was investigated [43]. The 
samples were prepared by using the melt blending method and four types of nano-
size particles were studied: multi-walled carbon nanotubes, nano silica, pristine and 
organically modified montmorillonite (known as clay). A UV irradiation intensity of 
500W/m2 was applied and samples were exposed to the UV irradiation for up to 360 
hours. Electro-thermal aging was performed in another work carried out by Preetha 
[8]. Epoxy alumina nanocomposite samples were studied in this work with percentage 
loadings of 0.1 wt%, 1 wt% and 5 wt%. Electrical, thermal and combined electro-
thermal aging experiments were performed for a duration of 250 hours. Constant 
electric field of 6 kV/mm was provided by a plane-to-plane electrode set-up and all the 
samples were located in a chamber where the temperature was maintained at 60°C. 
The results in this study showed that nanocomposite took a longer time to fail, 
compared with unfilled epoxy. 
 
Some studies on the effect of accelerated aging on nanocomposite were also done in 
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the area of biomedical research. In a recent study, thermo-mechanical aging was 
performed on HDPE nanocomposite by Fouad [30]. The accelerated aging of HDPE 
nanocomposite specimen was immersed in a saline solution at 80°C for four weeks. 
Dynamic mechanical analysis and differential scanning calorimetry were carried out to 
investigate the thermal properties of the specimens. Alothman [44] applied gamma 
irradiation combined with thermal accelerated aging on HDPE nanocomposite for 
bone tissue regeneration. The nanocomposite specimens were exposed to gamma 
irradiation at doses of 0, 35 and 70 kGy at a rate of 5 kGy/hr at room temperature in a 
vacuum. The specimens were also immersed in saline solution at 80°C for four weeks. 
In fact, studies involving the use of an accelerated aging test to investigate the long-
term performance of the conventional composite have been widely published in 
recent decades. Details of the aging tests can be found in  [25] [45] [46]. 
 
In this thesis, for the first time, the accelerated aging method containing ultraviolet 
radiation, thermal and humidity cycles using QUV Accelerate Aging Chamber is carried 
out on nanocomposite and nano-micro-composite specimens. The details of the 
accelerated weathering cycle and the principle behind QUV aging chamber are 
provided in Chapter 6.1.  Various material characterization techniques are carried out 
in this research to evaluate the electrical, mechanical, thermal and chemical properties 
of nanocomposite over a long period of time.  
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2.4 Conclusion 
In the last 15 years, nanocomposite has attracted great interest in high voltage 
engineering studies aimed at improving the performance of insulation materials. Past 
studies have shown that nanocomposite has superior mechanical, thermal and 
electrical properties when compared with conventional composite. It is still largely 
unknown to the research community how nanocomposite performs over a long period 
of time. Although, the experimental results from the limited number of studies have 
shown that nanocomposite performs better under electrical or thermal aging, it is still 
too early to draw a final conclusion on the long-term performance of nanocomposite. 
Thus, more accelerated aging tests and analyses are required to provide a more 
comprehensive understanding of the long-term performance of nanocomposite. 
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Chapter 3  Methodology and Material 
Characterisation Techniques 
3.1 Introduction 
Characterisation refers to the general process by which a material's structure and 
properties are probed and measured. It is a fundamental process in the field of 
materials science and electrical insulation, without which no scientific understanding 
of engineering materials could be ascertained. The material characterisation 
techniques that are used in this study can be categorized into electrical 
characterisation techniques, mechanical characterisation techniques, thermal 
characterisation techniques and chemical characterisation techniques as shown in 
Figure 3.1. Details of each characterisation methods are described in the following 
sections.  
 
Figure 3.1 Categories of material characterisation techniques for nanodielectric materials 
Material Characterisation Techniques 
Thermal Electrical Mechanical Chemical 
AC Dielectric 
Breakdown 
Test 
Partial 
Discharge 
Test 
Dynamic 
Mechanical 
Analysis 
Thermal 
Gravimetric 
Analysis 
Fourier-Transform 
Infrared 
Spectroscopy 
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3.2  Electrical characterisation techniques  
 
3.2.1 AC dielectric breakdown test   
The short-term breakdown characteristics of the specimens in this study are obtained 
from the AC dielectric breakdown test. The voltage breakdown strength is important 
in designing insulations with various performance specification and characteristics 
such as the breakdown voltage and robustness against voltage surges caused by 
lightning impulses and switching impulses. When the intensity of an electric field 
applied to an insulator exceeds a certain value, the current passing through the 
insulator increases to nearly infinity and resulting in electrical breakdown. For solid 
dielectric materials, heat is generated upon the electrical breakdown and causing the 
materials to irreversibly burn out. Thus, breakdown voltage level is one of the 
important characteristics of insulators and the clarification of the breakdown 
characteristics of the nanocomposite has been a target of research. 
 
 
Figure 3.2 The sphere-to-sphere electrode used in the AC dielectric breakdown testing. 
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In this study, the samples used in the dielectric breakdown test were purpose-made 
sheets with a dimension of 20 mm × 20 mm × 1 mm. The breakdown test was carried 
out in accordance to the IEC 60243 standard [47]. The electrodes were made up of two 
stainless steel spheres of 20 mm diameter as shown in Figure 3.2. The electrodes and 
test samples were immersed in transformer oil to prevent surface flashover from 
occurring. The test voltage was increased at a rate of 1 kV/s until breakdown. 10 pieces 
of specimens are prepared for each type of sample and median breakdown value is 
calculated to evaluate the performance of the samples.  
 
Figure 3.3 An example of AC breakdown test results 
An example of AC electrical breakdown test result obtained based on the configuration 
described above are shown in Figure 3.3. The AC electrical breakdown strength of 
specimens contains two types of fillers, namely SiO2 and Al2O3, and different 
percentage loadings are measured (1wt% nanofillers, 20wt% micro-fillers and 
combination of 1wt% nanofillers and 20wt% micro-fillers). The results clearly show an 
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improved AC breakdown strength when fillers are introduced to the specimens and 
the best performance comes from the specimens with both the nano and micro-fillers. 
3.2.2 Partial discharge test 
Insulation degradation is often associated with the partial discharge activities that 
occur inside the insulation system of rotating machine, switchgear as well as on the 
surface of insulators. The partial discharge occurs on the surface of dielectric materials 
is a kind of dielectric barrier discharge developed at the interface of two media due to 
the increase of electric field in the interface region. Generally, they are known as the 
corona discharge and if not detected earlier, it will eventually lead to surface tracking.  
 
                 
 
Figure 3.4 Circuit diagram of surface partial discharge test [48]. 
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The partial discharge (PD) test is carried out using Omicron MPD-600 partial discharge 
analyser. The MPD system consists of a measurement unit, a USB controller and a PD 
analysing software. The measurement is conforming to IEC60270 standard [49] and 
the arrangement is shown in Figure 3.4. During the test, the PD threshold is set at 5pC 
in order to filter the background noise produced by the test transformer and the test 
system. The test is carried out in a needle-needle electrode system shows in Figure 3.5. 
In this study, the voltage applied at the two electrodes is 5 kV at 50 Hz, which is the PD 
inception voltage of the specimens prepared in this study. In order to minimise the 
effect of surface leakage current during the measurement, surface of the specimens is 
cleaned and dried thoroughly. The PD test is calibrated according to the IEC standard, 
the charge integration settings are set between frequency from 100kHz to 400kHz. The 
time duration of the surface PD test is 90 seconds. Other than the partial discharge 
level, parameters such as the PD counts and surface dissipation current can also be 
measured from the PD test. The surface PD dissipation current is measured according 
to IEC60270 standard which is the sum of the absolute values of individual apparent 
charge magnitudes during a chosen reference time interval divided by this time 
interval.   
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Figure 3.5 Needle-needle electrode configuration used in partial discharge test on the 
surface of the specimens 
Figure 3.6 and 3.7 depicts the test results obtained from specimens with two types of 
fillers (SiO2 and Al2O3) and three kinds of different percentage loadings (1wt% 
nanofillers, 20wt% micro-fillers and combination of 1wt% nanofillers and 20wt% 
micro-fillers). In this group of tests, the nanocomposite specimens filled with Al2O3 
show the best resistance against surface PD compared to other specimens. 
 
 
Figure 3.6 PD counts obtained from the surface PD test. 
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Figure 3.7 Surface dissipation current results from the surface PD test. 
A typical phase resolved PD pattern of the neat epoxy, SiO2 filled nanocomposite 
specimens and SiO2 filled nano-micro composite specimens are shown in Figure 3.8 (a), (b) 
and (c). The PD pattern is captured 30 seconds after the 5 kV voltage is applied on the 
electrodes. The 1% filled nanocomposite specimens has the best performance in this 
group of PD test. 
 
Figure 3.8 (a) Phase resolved PD pattern of neat epoxy specimen. 
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Figure 3.9 (b) Phase resolved PD pattern of 1% SiO2 filled nanocomposite specimen. 
 
 
Figure 3.10 (b) Phase resolved PD pattern of SiO2 filled nano-micro-composite specimen. 
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3.2.3 Dynamic mechanical analysis 
Dynamic mechanical analysis (DMA) is a versatile technique which can provide a 
convenient and sensitive testing system for rapid determination of thermo-mechanical 
properties of polymer-based materials as a function of temperature, frequency or time. 
DMA can be operated by applying a small oscillating displacement or by applying a 
constant load to obtain creep data. Commonly, the samples are scanned throughout a 
range of temperature. Storage modulus and loss modulus can be measured by DMA.  
 
Conventionally, phase angle tan-delta can also be obtained from the storage modulus 
and loss modulus and glass transition temperature can be calculated from either the 
value of tan-delta, storage modulus or loss modulus. The glass transition is a reversible 
transition of polymers from a hard and relatively glassy state into a viscous and rubbery 
state. The glass transition temperature is a common phenomenon exhibited under the 
varying temperatures [50]. The glass transition temperature is considered to be one of 
the most important thermos-physical properties of polymers. It can be affected by 
several factors such as heating rate, morphology, aging history and molecular weight. 
A few theories have been developed to explain the glass transition process and the 
latest theory of glass transition phenomenon is the free volume theory by Fox and 
Flory [51].  
 
In this study, DMA was performed using the Perkin-Elmer DMA7e instrument in the 
tensile mode. The temperature is increased from 30°C to 140°C at a heating rate of 
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2°C/min. The thickness of the specimens is 1mm  0.1mm and the length and width 
are 10mm and 6mm respectively. The storage modulus and loss modulus are recorded 
in the measurement and the tan-delta is calculated using the ratio between the loss 
modulus and storage modulus. 
 
Figure 3.11 Storage modulus of SiO2 filled nanocomposite specimens 
 
Figure 3.12 Tan delta of SiO2 filled nanocomposite specimens 
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The storage modulus and tan-delta measured on the SiO2 specimens are depicted in 
Figure 3.9 and Figure 3.10. The glass transition temperature can be obtained from the 
temperature value at the X-axis of the peak of tan-delta curve. For example, the glass 
transition temperature of the neat epoxy is 48oC.  The results show a clearly increase 
in the glass transition temperature with the increase of the percentage loading of 
nanofillers. 
 
3.2.4 Thermal gravimetric analysis 
Thermal gravimetric analysis (TGA) is a technique in which the mass of a substance is 
monitored as a function of temperature or time as the specimen is subjected to a 
controlled temperature and in a controlled atmosphere. A TGA consists of a precision 
balance resides in a furnace which is heated or cooled during the experiment. The 
mass of the samples is monitored during the experiment and a sample purge gas 
controls the sample environment. The parameters that can be characterized from TGA 
includes the onset temperature which presents the temperature at which the weight 
loss begins and the maximum weight loss rate. In this study, thermal gravimetric 
analysis was performed on Perkin-Elmer TGA7 (see Figure 3.11) to work out the 
thermal stability of the specimens. Nitrogen was used as the filling gas during the 
measurement. The temperature in test chamber is increased from 30°C to 800°C at a 
heating rate of 10°C/min. From 800°C to 850°C, the atmosphere change from nitrogen 
to air and the heating rate is maintained at 10°C/min. 
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Figure 3.13 Perkin-Elmer TGA7 
TGA results obtained from a group of SiO2 filled specimens carried out using the 
configuration described above are shown in Figure 3.12. The results show little 
difference in onset temperature, but a smaller onset weight loss rate for micro-
composite (MC_S) and nano-micro-composite (NMC_S) can be observed. 
 
 
Figure 3.14 An example of TGA results 
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3.2.5 Fourier transform infrared spectroscopy 
Fourier transform infrared spectroscopy (FT-IR) are widely used in polymer science, 
organic synthesis and food analysis. FT-IR can be used to detect the unstable substance 
and investigate the mechanical reactions of what. A common FT-IR spectrometer 
consists of a source, interferometer, sample compartment, detector, amplifier, A/D 
convertor, and a computer. The source generates radiation which passes the sample 
through the interferometer and reaches the detector. The signal is then amplified and 
converted to digital signal by the amplifier and analog-to-digital converter, respectively. 
The signal is transferred to a computer in which Fourier transform is carried out. 
 
 
Figure 3.15 Spectrum 100 Optica FT-IR spectrometer 
In this study, Fourier transform infrared spectroscopy is performed on Spectrum 100 
Optica FT-IR Spectrometer from Perkin Elmer as shown in Figure 3.13. Spectra from 
the surface of specimens are scanned from 650 cm-1 to 4000 cm-1. An example of FT-
IR result of 2 wt% SiO2 filled nanocomposite specimens is shown in Figure 3.14. The 
newly made nanocomposite have a weak response at 2927 cm-1 and 2930(C-H) which 
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disappeared after the aging process. The strong response at 1246 cm-1 (C-O, 
stretching), 1182 cm-1 (C-O, stretching) and 1038 cm-1 (S=O, stretching) observed on 
new specimens and also disappeared after 500-hour aging. 
 
 
Figure 3.16 An example of FT-IR results 
3.2.6 Contact angle measurement 
The contact angle is defined as the angle formed by the intersection of the liquid-solid 
interface and the liquid-vapor interface. It is geometrically acquired by applying a 
tangent line from the contact point along the liquid-vapor interface in the droplet 
profile. The interface where solid, liquid, and vapor co-exist is referred to as the “three 
phases contact line”. Theoretically, the contact angle is expected to be characteristic 
for a given solid-liquid system in a specific environment [52]. 
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In this research, the water contact angle was measured using Contact Angle System 
OCA from Particle and Surface Sciences Pty. Ltd as shown in Figure 3.15. The 
arrangement of the specimens and size of water droplet is given in the Figure 3.16. 
The liquid used in the experiment was water and the dosing rate and volume were 
13.2 µl/s and 5 µl respectively. Contact angle was measured from both left and right 
side of the water droplet. 
 
Figure 3.17 Contact Angle System OCA 
 
Figure 3.18 The arrangement of specimens in contact angle measurement (left) and an 
example of the size of water droplet (right). 
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3.3 Models of Nanocomposite 
To understand the various properties and phenomena the nanocomposite exhibits as 
an electrical insulation material, Lewis proposed an interfacial region, also known as 
interfaces, between the two uniform materials in 2004 [28] and consider this 
interfacial region to be the dominant feature that determines the properties of 
nanodielectric. Since then, several other models have been proposed. One of these 
widely known model is the multi-core model, a simplified term of multi-layered core 
model proposed by Tanaka in 2005 [53]. S. Li and et al [54] also proposed a potential 
barrier model in 2011 to explain the reduction of dielectric constant of nanocomposite 
when the percentage loading of the fillers is low. These two models are used to explain 
the observations in this study. The details of two models are given in the following 
section. 
 
3.3.1 Multi-core model  
The multi-core model gives fine structures to the interfaces and divides the interfacial 
layer into a bonded layer, a bound layer, a loose layer and an electric double layer 
overlapping the above three layers as shown in Figure 3.16. The first layer is a 
transition layer that tightly bonded to the inorganic and organic substances. The 
second layer consists of a layer of polymers chains strongly bound and/or interacted 
to the first layer and the surface of the particles. The thickness of this layer depends 
on the strength of the polymer-particle interaction. The third layer is a region loosely 
coupling and interacting to the second layer which has different chain conformation, 
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chain mobility and even free volume or crystallinity from the polymer matrix [38]. 
 
Figure 3.19 Multi-core model for nanocomposite interfaces proposed by Tanaka [53]. 
In addition, an electric double layer such as Gouy-Chapman diffuse layers is 
superimposed to form a dipole moment. It is screened by the Debye shielding length 
up to which charge decays in exponentially with distance according to the Born 
approximation.  
 
When investigating the dielectric properties of nanocomposite, the interfaces tend to 
disrupt the continuity of the path provided to the charge carriers and trap the charge 
carriers. In the multi-core model, the polymer morphology become less ordered from 
the first layer to the third layer, therefore the carrier traps are distributed from deep 
to shallow. The deep traps are available in the first and second layer, whereas shallow 
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traps exist in the third layer. Whether the traps will catch a positive or negative charge 
will depend on the triboelectricity of polymers. When the electrons travel in the third 
layer, the traps greatly shorten the mean free path in this region and the electrons can 
also be decelerated via collision with the second layer and defects, resulting in an 
increase in breakdown strength. In addition, ordered structures like spherulites and 
crystallites are created in the second layer which also make it strong against partial 
discharge compared to the original polymeric matrix.  
 
3.3.2 Potential barrier model 
The potential barrier model proposed by S. Li and et al [54] is a schematic of multi-
region structure around spherical nanoparticles. In the potential barrier model, the 
interfaces are treated as an independent region which consists of bonded region and 
transition region. The Fermi level of the interfaces is different from that of the 
polymeric matrix and nanoparticles. Compared with polymeric matrix, the interfaces 
are less in density and more conductive which leads to the increase of free volume and 
formation of traps. The nanoparticles can be bonded with polymeric matrix through 
covalent, van der Waals force, ionic and hydrogen bonds (forming the bonded region). 
The electrostatic Coulomb force and other forces absorb a portion of counter ions 
around the nanoparticles and the unsaturated bonds have a strong capability in 
capturing charge carriers. Thus, a very strong inner-electric field region with a certain 
thickness of d1 and a barrier Δɸ1 (a Stern layer) forms in the bonded region. A space 
charge layer as well as a barrier Δɸ2 is formed between the interaction zone and 
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polymeric matrix due to the differences in Fermi level. Additionally, to keep electric 
neutrality around the nanoparticles, a third barrier Δɸ3 is formed by some net bound 
charge accumulate in the polymeric matrix near the interface to compensate the 
trapped charges in the transition region and bonded region. Therefore, the distribution 
of charges and the potential barrier model around an isolated nanoparticle are 
presented in Figure 3.17 (a) and (c). 
 
Figure 3.20 Potential barrier model around nanoparticles in nanodielectrics [54]. 
In this case, the charge carriers in polymeric matrix can easily hop the barrier Δɸ3 into 
the transition region when the electric field are applied. These charges are then 
trapped in the transition region due to two probable reasons. One is that carriers lose 
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their energy obtained from electric field in the process of collision with the defects in 
transition region. The other possible reason is shown in Figure 3.17 (e), the carriers 
will stay at the trap site and tend not to transport once they are captured by the traps. 
With the increase of the percentage loading of nanofillers, the distance between 
neighbouring particles becomes shorter and leads to the overlaps in transition region 
as shown in Figure 3.17 (b) and (d). The thickness of the transition region greatly 
increased because of the overlaps which is longer than the mean free path. In this way, 
the carries can obtain enough energy from the electric field to hop the barrier Δɸ1. 
Thus, the carries can transport in the transition region as shown in Figure 3.17 (f). 
Based on this theory, when filler loading exceeds the percolation threshold, the 
mobility and the density of mobile carriers increase greatly, eventually leading to an 
increase in the conductivity and a decrease in the breakdown strength. 
 
3.4 Conclusion 
Various material characterization techniques are carried out in this study in order to 
have a comprehensive understanding on the behaviour of nanocomposite and nano-
micro-composite before and after the accelerated aging process. The electrical 
properties of the specimens are measured using AC electrical breakdown test and 
surface partial discharge test. The mechanical and thermal properties are investigated 
by dynamic mechanical analysis and thermal gravimetric analysis. FT-IR spectroscopy 
technique are also applied to study the chemical changes on the surface of the 
specimens before and after the aging process. The multicore and potential barrier 
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models presented in Chapter 3.3 allows us to explain the observations and results 
obtained in Chapter 4, 5 and 6.  
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Chapter 4 Synthesis of Nanocomposite  
4.1 Introduction 
This chapter presents the material employed for the synthesis of nanocomposite and 
comparative study on the dispersing techniques used to effectively disperse the fillers. 
Epoxy resin and nanofillers used in this study are obtained from commercial supplier. 
The synthesis of nanocomposite is carried out in RMIT Polymer Laboratory. The 
nanofillers used in this study include silica (SiO2), magnesia (MgO) and alumina (Al2O3). 
A comprehensive comparison of the various dispersion methods is given in Chapter 
4.5. Subsequently, the most effective synthesising procedure, which is based on 
centrifugal mixing technique is used to prepare all of the specimens in this thesis. 
 
4.2 Dispersion method 
In the field of nanocomposite, what acknowledged is that the performance of 
nanocomposite is closely related to the dispersion of the nano-filler. A uniform 
dispersion of the nano-fillers in the polymer matrix is essential to improve the 
properties of the material. In this chapter, two dispersions or mixing methods are 
compared and discussed. The common procedure of synthesising epoxy resin 
nanocomposite is shown in Figure 4.1. The nanofillers are first added and dispersed 
into the epoxy resin, the time of dispersion process is normally between 30 minutes 
to 120 minutes depends on the dispersion method, the type of fillers and the 
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percentage loading. The mixture is then mixed with the hardener for a few minutes, 
when preparing nano-micro-composite, the micro-fillers are added and mixed in this 
stage. When the fillers and hardeners are evenly distributed, the mixture is moved to 
a planetary centrifugal mixer and a vacuum chamber for degassing. After all the air 
bubbles are removed from the mixture, the epoxy resin can be then mould to the 
dimension as required.  
 
Figure 4.1 Synthesising method of nanocomposite 
4.2.1 Sonication 
Sonication is the most widely used method to disperse nanofillers during the synthesis 
of nanocomposite in a laboratory setting. However, sonication tends to produce air 
bubbles when dispersing the fillers into the epoxy resin which in turn will increase the 
difficulty in the degassing process. Air bubbles trapped in the bulk material might not 
have significant effect on the mechanical properties, but will have prominent effects 
on the dielectric properties.  
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Figure 4.2 Schematic of sonication [39]. 
Sonication is a process that converts high-frequency electrical signal created by an 
ultrasonic generator (generally more than 20kHz) into a physical vibration by using 
piezoelectric crystals. A sonication probe is used to amplify the vibration and transmit 
the vibration to the solution being sonicated as shown in Figure 4.2. The probe moves 
up and down at a high frequency and creates an effect called cavitation. Cavitation 
sends out tiny shockwaves into the surrounding substance and break apart the 
particles in the solution. The sonicator used in this study is shown in Figure 4.3. 
 
Figure 4.3 Sonicator (left) and the controller (right) in RMIT polymer laboratory 
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4.2.2 Planetary centrifugal mixing technique 
Unlike sonicator which disperses fillers confined to a small area close to the sonication 
probe, a planetary centrifugal mixer uses a mechanism where the container holding 
the host material and fillers revolve clockwise and the container itself rotates counter-
clockwise to form a planetary centrifugal action. The centrifugal force of 400G 
produced by the high-speed rotation and revolution depresses the material in the 
container and generates vertical spiral convection (Figure 4.4). This vertical spiral 
convection is continuously generated to blend and disperse the materials evenly. The 
planetary centrifugal mixing technique has the following benefits [55]: 
 
 
Figure 4.4 Schematic of planetary centrifugal mixing technique [55]. 
a) The planetary centrifugal mixer excels with high-viscosity materials that are 
difficult to mix with normal mixers or stirrers. Planetary centrifugal mixer is 
capable of mixing material with a viscosity up to several million mPas using 
powerful centrifugal acceleration in a small amount of time.  
b) Mixers with strong shearing force such as twin-screw extruders may shear the 
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filler while mixing. Planetary centrifugal mixer mixes materials gently without 
shearing, enabling even blending while maintaining the material's solid-state 
properties. 
c) The dispersion achieved by planetary centrifugal mixer has high reproducibility 
because the automated mixing program eliminates the man-caused fluctuation.  
d) A wide range of containers can be fitted into the mixer. By switching the mixing 
container to one with a smaller capacity depending on the amount of material, 
the amount of material stuck inside the container can be reduced so that the 
material loss in the dispersion process can be reduced.  
 
The planetary centrifugal mixer used in this study is Thinky Mixer ARE-310, the 
equipment is shown in Figure 4.5. The detail of mixing program and procedure is 
presented in the Chapter 4.5. 
 
 
Figure 4.5 Planetary centrifugal mixer - Thinky Mixer ARE-310  
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4.3 Host matrix 
Epoxy resins have excellent electrical property, mechanical strength and thermal 
stability. They are widely used as insulation material in the power system [23]. Epoxy 
resins can also be applied as surface coating material to enhance the surface stiffness, 
durability and other surface properties of substrate materials [55].  
 
Two types of epoxy resin are used in this study for different purposes. The first type of 
epoxy resin (ER) was the Dalchem 521 epoxy resin (Diglycidylether of Bisphenol-A, 
DGEBA) and Cycloaliphatic amines hardener which was sourced from Dalchem Pty Ltd. 
This type of ER has a very low viscosity and a short pot life time. The second type of 
epoxy resin used in this study was Araldite CW177 with hardener Aradur HY-2954 
which were purchased from Huntsman Advanced Material. This type of epoxy has a 
slightly higher viscosity comparing with the first epoxy resin but has a very long pot life 
time. The data sheets of both epoxy resins are presented in Table 4.1. In order to 
achieve an excellent dispersion of nano particles within a host matrix, the viscosity of 
the epoxy resin plays a very important role in the nanocomposite synthesis process. 
The nanofillers generally are easier to be dispersed in a host polymer matrix of a lower 
viscosity. Moreover, in the dispersion process, a lot of tiny air bubbles will be generated. 
Lower viscosity also allows these air bubbles to be extracted out easily in a vacuum 
chamber. Another important characteristic of epoxy resin that affects the dispersion 
of the nanofillers is the pot life time, which determines the amount of time for an 
initial mixed viscosity to double. The epoxy resin with a longer pot life time will allow 
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longer dispersion and degassing process to be performed on the mixture, which leads 
to a better dispersion of the nanofillers and less air bubbles trapped inside the 
specimens. 
Table 4.1 Properties of the two types of epoxy resin used in this study 
Properties Araldite CW177 & HY2954 Dalchem 521 with hardener 
Viscosity (25°C) 3000 - 4000 mPas < 2000 mPas 
Pot life time (25°C) > 360 minutes 20 to 30 minutes 
4.4 Nano particles 
Nano particles used in this thesis are presented as follow: 
 
a) Silica (SiO2) 
Silica is one of the most commonly used fillers in producing polymeric products in the 
industry. SiO2 has an average permittivity of 3.5 to 4.0 and low in cost. SiO2 nano 
particles are widely used and studied in nanodielectric research due to their low 
toxicity, stability and ability to be functionalized with a range of molecules and 
polymers. The chemical data and composition of SiO2 are shown in the Table 4.2. The 
SiO2 nanofillers used in this study is Aerosil 300 Degussa hydrophilic fumed silica with 
an average primary particle size from 7 nm to 30 nm. The TEM image and physico-
chemical data of this type of nanofillers is shown in Figure 4.6 and Table 4.2 
respectively. 
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Table 4.2 Physico-chemical data of Aerosil 300 Degussa 
Properties Unit Typical Value 
Specific surface area m2/g 300 ± 30 
Average primary particle size nm 7 to 30 
Tapped density g/l approx. 50 
Moisture (2 hours at 105°C) wt.% ≤ 1.5 
pH wt.% 3.7-4.7 
SiO2 content wt.% ≥ 99.8 
 
 
Figure 4.6 TEM micrographs of Aerosil 300 [56] 
b) Alumina (Al2O3)  
Alumina generally has high hardness level, high permittivity value between 9.0 to 10.1 
and good dimensional stability. Alumina is widely used in plastic, rubber and ceramics 
products. It can significantly improve the thermal fatigue resistance and wear 
resistance of the material. Al2O3 also has excellent dielectric properties from DC to 
ultra-high frequencies. It is widely used in high voltage insulators and electronic 
substrates. The Al2O3 nanofillers used in this study is purchased from US Research 
Nanomaterial Inc. with an average primary particle size of 80 nm, the properties of this 
type of nanofillers and a TEM image is shown in Table 4.3 and Figure 4.7 
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Table 4.3 Properties of Al2O3 nanofillers 
Properties Unit Typical Value 
Specific surface area m2/g > 15 
Average primary particle size nm 80 
Density g/cm3 3.97 
Al2O3 content wt.% ≥ 99 
 
 
Figure 4.7 TEM image of Al2O3 nanofillers [57]. 
c) Magnesia (MgO) 
Magnesia is known for its high dielectric strength, high permittivity value of 6.8 to 9.6 
and average thermal conductivity. It provides excellent electrical insulation at high 
temperature. Magnesium oxide nanoparticles has been applied in electronics, 
catalysis, ceramics, petrochemical products, coatings and many other fields [58]. In the 
application of dielectric material, MgO can be used as additives in heat-resistant 
electrical cable. Other potential applications of MgO nanofillers including insulating 
material for crucible, smelter, insulated conduit, electrode bar and electrode sheet. 
The MgO nanofillers used in this study has an average primary particle size of 20 nm. 
The TEM image and properties of this type of MgO nanofillers are shown in Figure 4.8 
and Table 4.4 respectively. 
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Table 4.4 Properties of MgO nanofillers 
Properties Unit Typical Value 
Specific surface area m2/g > 60 
Average primary particle size nm 20 
Density g/cm3 3.58 
Al2O3 content wt.% ≥ 99 
 
 
Figure 4.8 TEM image of MgO nanofillers [57] 
4.5 Comparison of Dispersion Techniques  
In order to evaluate the effect of the mixing techniques on the properties of 
nanocomposite, samples of nanocomposites with the percentage loading of 2 wt% and 
5 wt% were prepared using the sonication technique and planetary centrifugal mixing 
technique (Thinky Mixer ARE-310) separately. In total, 13 groups of samples were 
prepared and tested. As shown in Table 4.5. For each group, 10 samples are prepared 
and tested, the median value was then calculated to evaluate the breakdown strength 
of the sample. The mixing program in the Thinky mixer is a 10 minutes cycle contains 
an 8 minutes high speed mixing at 2000 revolutions per minute to disperse the 
particles and a 2 minutes low speed mixing at 400 revolutions per minute to allow the 
62 | P a g e  
 
mixture to cool down. For instance, to complete a total mixing period of 60 minutes in 
Thinky mixer, the 10 minutes cycles will be repeated for 6 times.  
 
Table 4.5 Matrix of sample types with the mixing method and period 
 
4.5.1 AC dielectric breakdown voltage 
The breakdown strength results for different mixing time are shown in Figure 4.9, 
Figure 4.10 and Figure 4.11 where the error bar shows the deviation of the breakdown 
strength. The dielectric breakdown voltage was obtained using the methodology 
described in Chapter 3.2.1.   
 
In Figure 4.8, breakdown strength of the samples which was prepared based on the 
planetary centrifugal mixing technique is significantly higher than sonication samples 
and neat epoxy. Sonication samples with 20 minutes mixing time shows no difference 
Sample 
nomenclature 
Processing techniques 
Nano-filler 
percentage 
Mixing method 
Mixing 
period 
Neat Epoxy N/A N/A N/A 
TERS020_02 
2 wt% 
Planetary centrifugal 
mixing  
(Thinky Mixer) 
20 mins 
TERS040_02 40 mins 
TERS060_02 60 mins 
TERS020_05 
5 wt% 
20 mins 
TERS040_05 40 mins 
TERS060_05 60 mins 
SERS020_02 
2 wt% 
Sonication 
20 mins 
SERS040_02 40 mins 
SERS060_02 60 mins 
SERS020_05 
5 wt% 
20 mins 
SERS040_05 40 mins 
SERS060_05 60 mins 
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with neat epoxy and the deviation of the results is relatively more significant. This 
phenomenon can also be observed on the 40-minute sonication samples in Figure 4.10. 
The difference is that after 40 minutes of sonication mixing, the breakdown strength 
of the samples improves slightly compares to the neat epoxy. In Figure 4.11, this 
deviation on sonication samples decreases further and the breakdown strength shows 
significant improvement on 5 wt% loading samples. Overall, 2 wt% loading can 
improve breakdown strength from 1.2% to 9.3% and 5 wt% loading can improve 
breakdown strength of the epoxy resin up to 19.3%. The performance of the planetary 
centrifugal mixing technique is more superior when mixing period is less than 40 
minutes. The results show good stability in term of the deviation of breakdown voltage 
since the deviation is smaller compared with the samples prepared by sonication 
technique. On the other hand, sonication process needs longer time to disperse the 
particle into the resin. Despite of this, the best samples in all the 13 groups are 
prepared by sonication process at the mixing time of 60 minutes.  
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Figure 4.9 The breakdown voltage of the samples with 20 minutes mixing time. 
 
Figure 4.10 The breakdown voltage of the samples with 40 minutes mixing time. 
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Figure 4.11 The breakdown voltage of the samples with 60 minutes mixing time. 
This phenomenon can be explained by the features of these two kinds of mixing 
techniques. Sonication can rupture the nano particles but the area that sonication 
process can influence is limited. The area where is not fully mixed could reduce the 
average performance of the material and causes large deviation in the results of 
breakdown voltage. The holder of planetary centrifugal mixer can rotate smoothly and 
steadily, which is benefit for achieving a more consistent outcome. In this study, image 
from scanning electron microscopy was also performed to check the breakdown 
channels in the nano particles filled samples. Figure 4.12 shows the breakdown 
channel on sample SERS020_05. The sample was scanned at low vacuum mode, the 
spot size was 3 and voltage was set to 10 kV. The channel caused by the breakdown is 
circular and the diameter of the channel is around 300 micro meters. 
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Figure 4.12 SEM image of the breakdown channel on SERS020_05. 
 
4.5.2 Dynamic mechanical analysis (DMA) 
In the Dynamic mechanical analysis (DMA), samples with percentage loading of 0.5 
wt%, 2 wt% and 5 wt% were prepared in order to evaluate the effect of nano-fillers on 
mechanical properties. The processing technique used to prepare the test samples is 
the planetary centrifugal mixing technique using Thinky Mixer ARE-310.  
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Figure 4.13 Tan delta of the samples prepared by Thinky Mixer ARE-310. 
Figure 4.13 presents the tan delta versus temperature for the samples prepared by 
Planetary centrifugal mixer. The curve shows samples filled with nano-particles have 
higher glass transition temperature of 51.6°C for 0.5 wt%, 56.2°C for 2 wt% and 56.3°C 
for 5 wt% compared with 48.4°C for neat epoxy. 2wt% loading and 5 wt% loading 
samples have similar characteristic while the differences between 0.5 wt% loading and 
neat epoxy are significant. In Figure 4.13, nano particles filled samples have a higher 
storage modulus of 20 °C compared with neat epoxy of 110 °C. A similar phenomenon 
between samples of 2 wt% and 5 wt% is also observed in Figure 4.14. The storage 
modulus curve of 2 wt% loading samples is similar to 5 wt% loading samples. It is 
observed that 2 wt% loading samples have a 58.9% increase in storage modulus at 
30°C and a 284.6% increase in storage modulus at 60°C comparing to neat epoxy. 
Storage modulus has little improvement when the weight percentage loading of 
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nanofillers is higher than 2 wt%. 
 
Figure 4.14 Storage modulus of the specimens prepared by Thinky Mixer ARE-310. 
From the experimental results of the sonication and planetary centrifugal mixing 
technique, it is observed that the planetary centrifugal mixing technique has a great 
advantage when the mixing time is short and percentage loading is low. Based on the 
past studies, the dielectric properties of the nanocomposite are not always increasing 
with the increase of percentage loading of the nanofillers [9]. A small amount of 
nanofillers with a good dispersion is already able to create enough interfaces, further 
increase the percentage loading could lead to agglomeration of the nanofillers and the 
overlapping of the interfaces which causes the reduction in the dielectric properties. 
From the aspect of production cost, lower percentage loading of nanofillers could 
greatly reduce the cost because the nanofillers are still expensive at present and, in 
the meantime, provide similar or even better performance. Therefore, it is not 
St
o
ra
ge
 m
o
d
u
lu
s 
(P
a)
 
69 | P a g e  
 
necessary for the planetary centrifugal mixing technique to perform equally well when 
the percentage loading of nanofillers is higher than 5 wt%. The mixing time needed for 
synthesising nanocomposite is also greatly reduced when using planetary centrifugal 
mixing technique. The shorter mixing time was, the longer time could be spent on 
other process such as degassing and moulding for the same type of polymeric matrix. 
It also makes it possible to disperse nanofillers into a polymeric matrix with an extreme 
short pot life time. In this study, all the nanocomposite specimens have a percentage 
loading of less than 2 wt% so that the planetary centrifugal mixing technique are 
chosen to synthesis all the specimens that are studied in the following chapters 
because of the advantages listed above. 
 
4.6 Conclusion 
This chapter describe the characteristic of the host matrix and nano particles used in 
this study. Two kinds of mixing methods were performed in the laboratory to evaluate 
the influence of different processing techniques on the characteristics of 
nanocomposite. From the experimental results presented in the above section, 
conclusions can be summarised in the following points: 
• Planetary centrifugal mixing technique performed better when mixing duration 
is less than 40 minutes and shows good stability, while samples prepared using 
sonication process need longer time to disperse the particle into the resin. The 
best sample among all the tested samples in this study is still prepared by 
sonication at a mixing time of 60 minutes.  
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• Dielectric strength of epoxy resin can be improved up to 19.3% on samples that 
are filled with 5 wt% SiO2 nano particles and up to 9.3% for samples with 2wt% 
loading. 
• Mechanical property of the samples does not show further improvement when 
SiO2 nano particles reach 2 wt%. 
• Samples with a loading of 2 wt% have a 58.9% increase in storage modulus at 
30°C and even larger increase when the temperature is further increased. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
71 | P a g e  
 
Chapter 5 Electrical, Mechanical and Thermal 
Properties of Nanocomposites 
5.1  Introduction 
A comprehensive analysis on the newly made nanocomposite and micro-composite 
filled with SiO2, Al2O3 and MgO are presented in this chapter. All the specimens 
discussed in this chapter are prepared and dispersed using planetary centrifugal 
mixing technique. The hots matrix is epoxy resin (Araldite CW177 with Hardener 
Aradur HY2954) and all the measurements and tests are carried out on the newly 
made specimens to study the improvement of nanocomposite and nano-micro-
composite and comparison will be made at the end of this chapter. The material 
characterisation techniques include AC breakdown test, partial discharge test, 
Dynamic Mechanical Analysis, Thermal Gravimetric Analysis and Fourier-Transform 
Infrared Spectroscopy. 
 
5.2 Dynamic mechanical analysis (DMA) of nanocomposites, nano-micro-
composite and micro-composite 
Composite specimens used in this study are prepared in the polymer laboratory at 
RMIT University. Araldite CW177 with Hardener Aradur HY2954 are used to prepare 
the host polymer and SiO2 nanoparticles are from Evonik Degussa. The nano-material 
is a hydrophilic fumed silica with a specific surface area of 300 m2/g and the average 
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primary particle size is between 7 nm to 30 nm. Al2O3 nanoparticles are sourced from 
US Research Nanomaterial, the average particle size is 80 nm. The size of SiO2 and 
Al2O3 micro particles are both 1 µm and provided by US Research Nanomaterial. Nano 
particles are dispersed into epoxy resin via in-situ polymerization method. Planetary 
centrifugal mixing technique is used to achieve a uniform dispersion. The epoxy resin 
is degassed at 0.1 Torr in order to remove the air bubbles caused by the mixing and 
dispersion process. Specimens are then post cured at 100 degrees Celsius in a 1 mm 
thick mould for 14 hours. The percentage loading of both SiO2 and Al2O3 
nanocomposite specimens are 1 wt% (referred as NC_S and NC_A respectively) and 
the percentage loading of both SiO2 and Al2O3 micro-composite specimens are 20 wt% 
(referred as MC_S and MC_A respectively). Both SiO2 and Al2O3 nano-micro-composite 
specimens are filled with 20% micro sized fillers and 1% nano sized fillers (referred as 
NMC_S and NMC_A). Neat epoxy specimens are also prepared for comparison 
(referred as Neat). All the samples used in this study are listed in the Table 5.1. 
 
Table 5.1 Matrix of samples types (SiO2 and Al2O3) 
Samples Nomenclatur e Percentage Loading 
Fillers 
Type 
Particle Size 
Neat N/A N/A N/A 
NC_S 1 wt% nanofillers Silica 7 - 30 nm 
NC_A 1 wt% nanofillers Alumina 80 nm 
MC_S 20 wt% micro fillers Silica 1 µm 
MC_A 20 wt% micro fillers Alumina 1 µm 
NMC_S 
1 wt% nanofillers and 20 wt% micro 
fillers 
Silica 
7 - 30 nm and 1 
µm 
NMC_A 
1 wt% nanofillers and 20 wt% micro 
fillers 
Alumina 80 nm and 1 µm 
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Dynamic mechanical analysis (DMA) is carried out using Perkin-Elmer DMA7e. In 
Figure 5.1 and Figure 5.2, the Tan delta results showed that nanocomposite samples 
exhibit a significant increase in glass transition temperature compared with neat epoxy. 
The glass transition temperature of the 20% micro Al2O3 filled specimens (MC_A) is 
also increased. However, both nano-micro-composite (NMC_A and NMC_S) samples 
do not have much improvement in glass transition temperature.  
 
 
Figure 5.1 Tan delta of Al2O3 filled specimens 
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Figure 5.2 Tan delta of SiO2 filled specimens 
Storage modulus is shown in Fig 5.3 and Fig 5.4. Comparing with neat epoxy, Al2O3 
filled nanocomposite (NC_A) has a higher storage modulus before the glass transition 
temperature (from 30 °C to 80°C). All the micro-composite specimens (MC_A and 
MC_S) show a high storage modulus after the glass transition temperature. The results 
from nano-micro-composite are very mixed. The storage modulus of both Al2O3 and 
SiO2 nano-micro-composite specimens (NMC_A and NMC_S) are similar to neat epoxy 
before the glass transition temperature, but SiO2 filled specimen (NMC_S) has a much 
lower storage modulus after the glass transition temperature.  
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Figure 5.3 Storage modulus of Al2O3 filled specimens 
 
 
Figure 5.4 Storage modulus of SiO2 filled specimens 
Loss modulus of the specimens is shown in Figure 5.5 and Figure 5.6. Both Al2O3 filled 
nanocomposite and nano-micro-composite (NC_A and NMC_A) show a higher loss 
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modulus than neat epoxy before the glass transition temperature. After the glass 
transition temperature, micro-composite specimens also show a large improvement 
in loss modulus. Similar characteristic is also observed in SiO2 filled specimens. 
 
Figure 5.5 Loss modulus of Al2O3 filled specimens 
 
Figure 5.6 Loss modulus of SiO2 filled specimens 
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5.3 Thermal gravimetric analysis (TGA) of nanocomposites, nano-micro-composite 
and micro-composite 
Thermal gravimetric analysis is applied to the same group of specimens specified in 
Chapter 5.2 using Thermogravimetric Analyser, Perkin-Elmer TGA7. Nitrogen was used 
as the filling gas during the measurement. The temperature in test chamber is 
increased from 30°C to 800°C at a heating rate of 10°C/min. From 800°C to 850°C, the 
atmosphere change from nitrogen to air and the heating rate is maintained at 
10°C/min. Figure 5.7 and Figure 5.8 shows two examples of SiO2 nanocomposite and 
nano-micro-composite specimens before and after the burnt-out respectively.  
 
 
Figure 5.7 SiO2 nanocomposite specimens before (left) and after (right) the burnt-out. 
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Figure 5.8 SiO2 nano-micro-composite specimens before (left) and after (right) the burnt-out. 
Results from the Thermal Gravimetric Analysis of Al2O3 filled samples that were heated 
under nitrogen-filled atmosphere are shown in Figure 5.9. Comparing with neat epoxy, 
the temperature of onset weight loss does not show much improvement. The weight 
loss rate of micro-composite and nano-micro-composite is much lower compare to 
neat epoxy. The maximum weight loss rate and maximum weight loss temperature on 
the micro-composite and nano-micro-composite (NMC_S and NMC_A) specimens are 
improved. However, the increased weight loss rate is correlated to the increase in the 
percentage loading of the fillers. 
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Figure 5.9 Thermal gravimetric analysis results of Al2O3 filled specimens 
The nanocomposite specimens show a very different characteristic. It has a relatively 
larger onset weight loss rate and a similar maximum loss rate compared with neat 
epoxy. In Figure 5.10, SiO2 filled specimens displayed a very similar pattern to Al2O3 
filled specimens (NC_A, MC_A, MNC_A). There is no much difference in onset weight 
loss temperature, but a smaller onset weight loss rate for micro-composite and nano-
micro-composite. The characteristic of SiO2 nanocomposite is similar with neat epoxy. 
The maximum weight loss rate on micro-composite and nano-micro-composite also 
shows a large improvement. 
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Figure 5.10 Thermal gravimetric analysis results of SiO2 filled specimens 
5.4 Electrical performance of Nano-micro-composite 
The specimens used in this section are the same as previous section and the same 
nomenclature is applied. To fulfil the IEC requirement of electrical breakdown test, 
specimens are cut into squares of 20 mm × 20 mm × 1mm in dimension. The 
percentage loading of both SiO2 and Al2O3 nanocomposite specimens are 1 wt% 
(referred as NC_S and NC_A respectively) and the percentage loading of both SiO2 and 
Al2O3 micro-composite specimens are 20 wt% (referred as MC_S and MC_A 
respectively). Both SiO2 and Al2O3 nano-micro-composite specimens are filled with 20% 
micro sized fillers and 1% nano sized fillers (referred as NMC_S and NMC_A). Neat 
epoxy specimens are also prepared for comparison (referred as Neat).  
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5.4.1 AC breakdown test 
The AC breakdown strength and the Weibull probability plots of breakdown strength 
for SiO2 and Al2O3 specimens are presented in Figure 5.11, Figure 5.12 and Figure 5.13 
respectively. Generally, it is expected that a decrease in breakdown strength is 
observed when micro sized particles are mixed with the epoxy resin [8]. This is due to 
the presence of defects such as voids and agglomeration produced in the mixing 
procedure [9].  
 
Figure 5.11 Electrical breakdown voltage of nano and micro filled epoxy resin 
However, both SiO2 and Al2O3 micro-composite specimens in our work shows a slight 
increase in breakdown strength when compare with the neat epoxy specimens. The 
enhancement in breakdown strength is 1.7% and 2.3% respectively for SiO2 and Al2O3 
specimens. This could be due to better dispersion technique used in the sample 
preparation and the high vacuum degassing procedure. The thickness of the 
specimens is also a factor that can affect the results. When the specimens are pressed 
to thin film (less than 200 µm in thickness [9]), a few tiny voids in the specimen could 
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significantly promote the tree propagation and eventually lead to a total breakdown. 
The specimens used in our works are 1 mm in thickness. Small number of voids will 
not affect the performance. Instead, the interfaces between particles and epoxy resin 
matrix become the dominating factor that improves the dielectric property of the 
material. 
 
Figure 5.12 Weibull probability plot for AC breakdown strength test of Al2O3 
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Figure 5.13 Weibull probability plot for AC breakdown strength test of SiO2 
The breakdown strength of NC_A sample increased from 32.45 kV/mm to 34.05 
kV/mm compared with neat epoxy and it is higher than the 33.7 kV/mm of NC_S 
sample. Nano-micro-composite specimens show a further improvement in breakdown 
strength. The breakdown strengths of NMC_S and NMC_A are 34.45 kV/mm and 34.6 
kV/mm respectively. From this result, we can see that the breakdown strength of 
NMC_S sample is higher than NMC_A. One of the possible reasons is that the size of 
SiO2 nano particles is smaller than Al2O3 nano particles (e.g. 30nm vs 80nm). Smaller 
particles can be better dispersed and distributed more evenly between the micro 
particles and epoxy resin matrix. Table 5.2 Compares the Weibull distribution scale and 
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shape parameters of the two groups of samples. Compared with Al2O3 filled samples 
(β varies from 32 to 64), SiO2 filled samples have a relative larger shape parameter (β 
varies from 15 to 29). The results from scale parameter α are identical to the results 
from median values. 
 
Table 5.2 Weibull distribution scale (α) and shape (β) parameters for ac breakdown values. 
Samples Nomenclature Scale parameters (α) Shape parameters (β) 
NE 33.04 45.27 
NC_A 33.59 64.16 
MC_A 34.32 36.04 
NMC_A 35.08 32.44 
MC_S 33.71 15.18 
NC_S 34.25 18.56 
NMC_S 35.03 29.48 
 
5.4.2 Partial discharge test  
The surface PD results at voltage of 5kV over a period of 90 seconds are recorded using 
Omicron analysis software. PD dissipation current and PD counts when 5kV voltage is 
applied to a needle-to-needle arrangement are shown in Figure 5.14 and Figure 5.15 
respectively. The results showed that nanocomposite and micro-composite have a 
better resistance against surface PD. 1% Al2O3 nanocomposite (NC_A) shows the best 
performance in this group of tests. The dissipation current of NC_A drops significantly 
from 28nC/s to 0.538nC/s and PD counts from 1613 PDs/s to 5.178 PDs/s when 
comparing to the neat epoxy sample. Comparing to neat epoxy specimens, the average 
PD levels of nanocomposite, microcomposite and nano-micro-composite are relatively 
higher. But the results show little differences in peak PD levels between all the tested 
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specimen. The improvement of SiO2 filled specimens is also noteworthy but not as 
good as Al2O3 filled specimens. The NC_S sample also produces the best results 
compare to MC_S and NMC_S.  
 
 
Figure 5.14 PD counts of surface partial discharge over 90 seconds 
The performance of micro-composite is slightly worse than nanocomposite but still 
much better than neat epoxy. It can be concluded that the order of resistance against 
surface PD is as follows:  
nanocomposite >> nano-micro-composite >> micro-composite >> neat epoxy.  
While unlike Al2O3 filled specimens, the SiO2 filled nano-micro-composite shows a 
poorer surface PD resistance than micro-composite. This is caused by the hydroscopic 
property of the SiO2 particles. Comparing with micro-composite specimens, the 
surface PD results of nano-micro-composite are mixed. It can be concluded that Al2O3 
specimens (NMC_A) show a decrease in surface PD after adding nano particles into 
micro-composite (MC_A). But SiO2 specimens (NMC_S) show a reverse result, surface 
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PD increased after nano SiO2 particles are mixed with the micro-composite (MC_S). 
This observation is also related to the hydroscopic properties of the SiO2 particles. 
 
Figure 5.15 Dissipation current of surface partial discharge over 90 seconds  
In this section, neat epoxy and 6 other types of composite samples are prepared. AC 
breakdown strength and surface partial discharge are investigated. All the filled 
specimens show an improvement in the dielectric strength. The breakdown strength 
of nano-micro-composite increased from 32.45 kV to 34.45kV (Al2O3 specimens) and 
34.6kV (SiO2 specimens). Significant reduction in the surface PD counts and dissipation 
current are observed in the nanocomposite. However, the breakdown strength of the 
specimens filled with SiO2 and Al2O3 particles shows no significant difference. In the 
surface PD measurement, Al2O3 specimens showed a better resistance against surface 
discharge. 
The experimental results can be concluded as follows. 
(1) A higher breakdown strength is recorded from nanocomposite samples 
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compare to neat epoxy. 
(2) Micro-composite showed an improvement in breakdown strength due to the 
improvement in dispersion using centrifugal mixing method and high vacuum 
degassing procedure. Better dispersion created larger interface area between the 
particles and epoxy resin matrix and eventually leads to an increase in breakdown 
strength. 
(3) Adding nano particles into micro-composite can further increase the 
breakdown strength of the material. Similar results are observed in the breakdown 
strength test of Al2O3 and SiO2 particles. 
(4) A significant improvement in surface PD resistance is observed on the 
nanocomposites. Al2O3 nanofillers successfully reduced both dissipation current and 
PD counts by more than 99% at 5kV. The SiO2 samples also reduced the dissipation 
current and PD counts by 66.4% and 92.9% respectively. 
(5) It seems that the results did not show strong correlation between surface PD 
and bulk breakdown strength. In surface PD measurement, the 1% Al2O3 
nanocomposite specimens show the best performance. Whereas in the breakdown 
strength tests, the both the Al2O3 and SiO2 nano-micro-composite show the best 
performance. 
 
5.5 Influence of percentage loading of nanofillers in nanocomposite  
In order to study the effect of percentage loading of the nanofillers, six types of 
nanocomposite specimens with different percentage loading (1 wt% and 2 wt%) are 
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prepared in this study. Araldite CW177 with Hardener Aradur HY2954 are used to 
prepare the host polymer and SiO2 nanoparticles are from Evonik Degussa. The nano-
material is a hydrophilic fumed silica with a specific surface area of 300 m2/g and the 
average primary particle size is between 7 nm to 30 nm. Al2O3 nanoparticles are 
sourced from US Research Nanomaterial and the average particle size is 80 nm. MgO 
nanoparticles are also sourced from US Research Nanomaterial with an average 
particle size of 20 nm. Nano particles are dispersed into epoxy resin via in-situ 
polymerization method. Planetary centrifugal mixing technique is used to achieve a 
uniform dispersion. The epoxy resin is degassed at 0.1 Torr in order to remove the air 
bubbles caused by the mixing and dispersion process. Specimens are then post-cured 
at 100 degrees Celsius in a 1 mm thick mould for 14 hours. 
To fulfil the IEC requirement of electrical breakdown test, specimens are cut into 
squares of 20 mm × 20 mm × 1mm (± 0.05mm) in dimension. The percentage loading 
of the specimens are 1 wt% and 2 wt% respectively. Neat epoxy specimens are also 
prepared for comparison purposes. All the specimens that are studied in this chapter 
are shown in Table 5.3. 
Table 5.3 Matrix of types of specimens 
Fillers Type Particle Size 
Percentage 
Loading 
SiO2 
7 nm to 30 
nm 
1 wt% 
2 wt% 
Al2O3 80 nm 
1 wt% 
2 wt% 
MgO 20 nm 
1 wt% 
2 wt% 
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5.5.1 AC breakdown test 
The AC breakdown strength based on the median value of 10 specimens and Weibull 
distribution scale and shape parameters of breakdown strength from the same group 
of results are shown in Figure 5.16 and Table 5.4. In Figure 5.16, the nanocomposite 
specimens clearly show an improved breakdown strength compare with the neat 
epoxy specimen. A further improved in breakdown strength is observed with the 
increase of percentage loading of nanofillers. The MgO specimens have a relative 
lower breakdown strength than SiO2 and Al2O3 specimens. The SiO2 specimens have 
the highest breakdown strength of 34.6 kV/mm with a percentage loading of 2 wt% 
which is an improvement of 6.2% comparing to the neat epoxy specimens (32.45 
kV/mm). 
 
Figure 5.16 AC breakdown strength results of newly made nanocomposite specimens 
Table 5.4 Weibull distribution scale and shape parameters 
Samples Type Scale parameters (α) Shape parameters (β) 
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Neat 33.04 45.27 
1 wt% Al2O3 34.32 36.04 
2 wt% Al2O3 34.87 20.98 
1 wt% MgO 34.01 28.09 
2 wt% MgO 35.08 21.45 
1 wt% SiO2 34.25 18.56 
2 wt% SiO2 34.95 40.63 
 
Table 5.4 uses the scale parameters (α) and shape parameters (β) of Weibull 
distribution to analyse the same group of results. The scale parameters (α) is 
presenting the breakdown strength of the specimens. From the results, the 
breakdown strength of Al2O3 and SiO2 from Weibull distribution has an identical trend 
with the results given by median value. However, the breakdown strength of 2 wt% 
MgO specimen given by Weibull distribution scale parameters (α) is 35.08 kV/mm 
which is the highest in this group of specimens. Shape parameters (β), also known as 
the Weibull slope, is the slope of the line in a Weibull probability plot. In this study, a 
higher value of shape parameters in Weibull distribution means the breakdown 
strength results of this group of specimens varied in a smaller range and have a relative 
stable performance. The Weibull plot of the specimens are depicted in Figure 5.17. 
Possible factors that can affect the shape parameters include the dispersion of the 
nanofillers, defects created in the dispersion process, specimens’ thickness and the 
test environment. From the results of shape parameters, the neat epoxy specimens 
have the highest shape parameter because there is no dispersion process being 
introduced during the preparation of the neat epoxy which means less defects in the 
form of trapped air bubbles in the specimens. Comparing the shape parameters of 
nanocomposite, the increase of percentage loading normally leads to a decrease of 
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shape parameter (Al2O3 and MgO). The difference results on 2 wt% MgO specimens 
can also be caused of the low shape parameter. Amount all the nanocomposite 
specimens, the 2 wt% SiO2 specimens have the highest shape parameters. 
 
Figure 5.17 Weibull probability plot of AC breakdown strength on nanocomposite specimens 
 
5.5.2 Partial discharge (PD) test 
The partial discharge test is carried out using the configuration presented in Chapter 
3.4. The voltage applied at the needle-to-needle electrodes is 5 kV and the PD events 
are recorded for 90 seconds. The PD dissipation current and PD counts are presented 
in Figure 5.18 and Figure 5.19 respectively. From the results, less PD events are 
observed on all the nanocomposite specimens. The MgO filled nanocomposite 
specimens have the lowest PD dissipation current and PD counts, with the increase of 
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percentage loading, the PD dissipation current and PD counts are further reduced. 
However, the Al2O3 and SiO2 filled nanocomposite specimens show an increase in the 
two parameters with the increase of percentage loading.  
 
The SiO2 specimens have an increase of 81% and 121% in PD dissipation current and 
PD counts respectively when the percentage loading of the fillers increased from 1 wt% 
to 2 wt% and the increase in Al2O3 is even larger (481% and 191% as shown in Figure 
5.2). It can be concluded that the order of resistance against surface PD is as follows:  
 
2 wt% MgO2 > 1 wt% MgO2 > 1 wt% Al2O3 > 2 wt% Al2O3 > 1 wt% SiO2 > 2 wt% SiO2 > 
Neat Epoxy  
 
 
Figure 5.18 PD dissipation current of newly made nanocomposite specimens over 90 
seconds. 
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Figure 5.19 PD counts of newly made nanocomposite specimens over 90 seconds. 
Comparing the surface PD results with the AC breakdown strength results, it can be 
observed that different nanofillers resulted in specimens of different properties and 
performances. The MgO nanofillers provide the best surface properties against the 
surface PD but the electrical property of the bulk material is the worst among all of 
the nanocomposites. 
 
In this section, six types of nanocomposite specimens and neat epoxy specimens are 
prepared for comparison. Based on the experimental results from AC breakdown test 
and partial discharge test, following summaries can be given: 
1) All the nanocomposite specimens show an improvement in both AC 
breakdown strength and resistance against surface PD. 
2) The 2 wt% SiO2 nanocomposite specimens have the highest breakdown 
strength based on median value of 10 specimens. The 2 wt% MgO 
0
200
400
600
800
1000
1200
1400
1600
1800
Neat 1%Al2O3 2%Al2O3 1% SiO2 2% SiO2 1%MgO 2%MgO
P
D
 C
o
u
n
ts
 (
P
D
s/
s)
Sample Type
94 | P a g e  
 
nanocomposite specimens have the highest breakdown strength based on the 
scale parameter (α) of Weibull distribution. 
3) The 2 wt% MgO nancomposite shows the best resistance against surface partial 
discharge and the improvement is significant comparing to neat epoxy. 
 
5.6 Conclusion 
This chapter presented the experimental results on the newly made specimens. The 
nanocomposite and nano-micro-composite both have significant improvement in both 
electrical, mechanical and thermal properties comparing to neat epoxy. The SiO2 filled 
nano-micro-composite has the highest breakdown strength and the MgO filled 
nanocomposite has the best resistance against surface PD. The nanocomposite has a 
clearly increase in the glass transition temperature, but the nano-micro-composite has 
no significant improvement comparing to neat epoxy. The micro-composite shows the 
best thermal stability among all the tested specimens. It can be concluded that 
different types of nanofillers can provide improvements in different properties and the 
nano-micro-composite is showing the best overall properties among all the tested 
specimens (High breakdown strength, high surface PD resistance, high glass transition 
temperature and medium thermal stability). 
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Chapter 6 Effect of Accelerated Natural 
Weathering on Nanocomposites  
6.1 Introduction 
Commercial accelerated weathering tester can be used to reproduce multi-stress 
weathering condition that the nanocomposite could be subjected to over a period of 
time. The accelerated weathering testers simulates the damaging effects of long-term 
exposure of weather elements in outdoor environment using the cyclic application of 
ultraviolet radiation, moisture and heat. For the first time, the effect of accelerated 
natural weathering on nanocomposites used in electrical application are studied. 
Nanocomposite specimens prepared using the procedure stated in Chapter 5 are 
subjected to accelerated weathering cycle based on ASTM-G154 standard using the 
QUV accelerated weathering tester from QLAB. Cycle of ultraviolet exposure of 8 hours 
and condensation cycle of 4 hours is run continuously for up to 500 hours. Within the 
12-hour cycle, temperature within the tester will raise to 70 °C and maintains for 8 
hours, follow by a constant temperature of 50 °C and condensation for 4 hours. 
According to the previous research, a 500-hour aging cycle is equivalent to the 
damaging weathering effect of 1.07 years of natural weathering in Melbourne, 
Australia [59]. The total aging period of 500 hours will introduce significant heat, 
condensation and UV damages to the specimens and yet does not lead to complete 
damage to the specimens which might prevent proper material characterisation to be 
carried out. As shown in this chapter, some of the superior properties introduced by 
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the nanofillers almost disappeared after the 500-hour aging cycle.  The aging cycle and 
QUV accelerated weathering tester with a schematic are shown in Figure 6.1 and 6.2 
and some samples of the specimens before and after the aging process are shown in 
Figure 6.3. 
 
 
Figure 6.1 Typical aging cycle using QUV weathering tests according to ASTM-G154 
 
 
 
 
Figure 6.2 QUV Accelerated Weathering Tester from Q-Lab (left) and schematic (right) 
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6.2 Effect of accelerated natural weathering on the performance of 
nanocomposites, nano-micro-composite and micro-composite  
 
6.2.1 Dynamic mechanical analysis (DMA) 
Dynamic mechanical analysis (DMA) was carried out using Perkin-Elmer DMA7e on the 
specimens prepared using the same procedure described in Chapter 5.2. The 
nomenclature of the specimens is listed in Table 6.2. The tan-delta results are showed 
In Figure 6.4 and Figure 6.5. In both two figures, the 500 hours aged specimens show 
an increase in glass transition temperature except the neat epoxy specimen. 
 
 
 
           
 
Figure 6.3 Specimens before and after aging: (a) Neat, (b) 1% SiO2 nanocomposite, 
(c) 20% SiO2 micro-composite, (d) 1%+20% SiO2 nano-micro-composite 
Before 
Aging 
 
 
 
After 
Aging 
(a) (b) (c) (d) 
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Table 6.1 Matrix of samples types (SiO2 and Al2O3) 
Samples Nomenclatur e Percentage Loading 
Fillers 
Type 
Particle Size 
Neat N/A N/A N/A 
NC_S 1 wt% nanofillers Silica 7 - 30 nm 
NC_A 1 wt% nanofillers Alumina 80 nm 
MC_S 20 wt% micro fillers Silica 1 µm 
MC_A 20 wt% micro fillers Alumina 1 µm 
NMC_S 
1 wt% nanofillers and 20 wt% 
micro fillers 
Silica 
7 - 30 nm and 1 
µm 
NMC_A 
1 wt% nanofillers and 20 wt% 
micro fillers 
Alumina 
80 nm and 1 
µm 
 
The neat epoxy specimens show a slightly decrease in glass transition temperature 
from 87.1 °C (New Neat) to 86.4 °C (Aged Neat) after the 500 hours accelerated aging. 
Aged 1% Al2O3 nanocomposite (NC_A) shows an increased Glass transition 
temperature from 101.7 °C to 102.3 °C. The glass transition temperature of aged Al2O3 
nano-micro-composite (NMC_A) only slightly increases from 111.1 °C to 111.4 °C 
which is the highest glass transition temperature among all the tested specimens. In 
Figure 6.4, the changes caused by aging process observed in SiO2 specimens are similar 
to the changes in Al2O3 specimens. The glass transition temperature of SiO2 
nanocomposite specimens (NC_S) before and after the aging are 101.2 °C and 102.5 °C 
respectively. The SiO2 nano-micro-composite also has the highest glass transition 
temperature among all the SiO2 specimens and further increased after the aging 
process. The increase in glass transition temperature may be related to the water 
absorption and the post curing process caused by the aging. Water can create a 
secondary network of cross-links between free hydroxyls of the main chain of the resin.  
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Figure 6.4 Tan delta of Al2O3 filled specimens 
 
Figure 6.5 Tan delta of SiO2 filled specimens 
 
6.2.2 Thermal gravimetric analysis (TGA)  
Thermal gravimetric analysis was carried out on the same group of specimens 
specified in Chapter 6.2 using thermogravimetric analyser, Perkin-Elmer TGA7. 
0
0.2
0.4
0.6
0.8
1
1.2
30 40 50 60 70 80 90 100 110 120 130
Ta
n
 D
e
lt
a
Temperature (°C)
New Neat
Aged Neat
New NC_A
Aged NC_A
New MC_A
Aged MC_A
New NMC_A
Aged NMC_A
0
0.2
0.4
0.6
0.8
1
1.2
1.4
30 40 50 60 70 80 90 100 110 120 130
Ta
n
 D
e
lt
a
Temperature (°C)
New Neat
Aged Neat
New NC_S
Aged NC_S
New MC_S
Aged MC_S
New NMC_S
Aged NMC_S
100 | P a g e  
 
Nitrogen was used as the filling gas during the measurement. The temperature in test 
chamber was increased from 30°C to 800°C at a heating rate of 10°C/min. From 800°C 
to 850°C, the atmosphere changed from nitrogen to air and the heating rate is 
maintained at 10°C/min. Figure 6.6 shows an example of an aged nano-micro-
composite specimen (SiO2) in Perkin-Elmer TGA7. 
  
Results of newly made and 500 hours aged neat epoxy specimens, 1% SiO2 
nanocomposite specimens (NC_S), 20% SiO2 micro-composite specimens (MC_S) and 
1%+20% SiO2 nano-micro-composite specimens (NMC_S) are shown in Figure 6.7, 
Figure 6.8, Figure 6.9 and Figure 6.10 respectively. In Figure 6.7, The weight loss starts 
at 160 ˚C for both neat epoxy specimens. The newly made specimens have a slightly 
larger onset weight loss. However, the maximum weight loss temperature of newly 
made neat epoxy specimen is higher than the aged specimen. The results show not 
                        
(a)                                                                    (b) 
Figure 6.6 500 hours aged 1%+20% SiO2 nano-micro-composite specimen in the Perkin-Elmer 
TGA7, (a) before the specimen burnt out, (b) after the specimen burnt out. 
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much difference between the newly made neat epoxy specimen and aged neat epoxy 
specimen. The TGA results of all the nanocomposite specimens are similar to each 
other. The TGA results of 1% SiO2 nanocomposite specimens are shown in Figure 6.8. 
For the nanocomposite specimens, the weight loss also starts at around 160 ˚C. The 
onset weight loss of aged nanocomposite specimens (Aged NC_S) is clearly larger than 
the newly made nanocomposite specimens (New NC_S). The weight loss 
characteristics of newly made nanocomposite and aged nanocomposite from 400 ˚C 
to 700 ˚ C have shown clear difference. The maximum weight loss and maximum weight 
loss temperature are very similar. 
  
Figure 6.7 TGA results of new and 500 hours aged neat epoxy specimens from 30°C to 850°C. 
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Figure 6.8 TGA results of new and 500 hours aged 1% SiO2 nanocomposite specimens from 
30°C to 850°C. 
The TGA results of SiO2 micro-composite specimens are shown in Figure 6.9. A clear 
difference can be observed. The maximum weight loss in micro-composite is much 
lower than neat epoxy and nanocomposite specimens. The decrease in maximum 
weight loss is from 71% to 60% which is caused by the larger amount of fillers with a 
high melting point of 1710 °C. The onset weight loss of aged SiO2 micro-composite 
(Aged MC_S) is 4% lower than newly made specimens (New MC_S). However, the 
weight loss of newly made SiO2 micro-composite has a second increase at 565 °C and 
the weight loss of newly made specimens are slightly higher than aged specimens after 
the increase. The maximum weight loss temperature of newly made SiO2 micro-
composite (New MC_S) is clearly higher than aged specimens (Aged MC_S), which are 
726 °C and 685 °C respectively. In Figure 6.10, the TGA results of SiO2 nano-micro-
specimens have a similar trend with SiO2 micro-composite specimens. The onset 
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weight loss of aged SiO2 micro-composite specimens (Aged NMC_S) is 6% higher than 
newly made SiO2 micro-composite specimens (New NMC_S). The second weight loss 
temperature of newly made specimens occur at 550 °C. The maximum weight loss 
temperature of newly made SiO2 micro-composite specimens and aged specimens are 
695 °C and 727 °C respectively. 
 
 
Figure 6.9 TGA results of new and 500 hours aged 20% SiO2 micro-composite specimens from 
30°C to 850°C. 
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Figure 6.10 TGA results of new and 500 hours aged 1%+20% SiO2 nano-micro-composite 
specimens from 30°C to 850°C. 
6.2.3 Contact angle measurement   
The contact angle of a group of 500-hour aged Al2O3 filled specimens was carried out 
using Contact Angle System OCA. The configuration of the test is specified in Chapter 
3.2.6. The liquid used in the experiment was water and the dosing rate and volume 
were 13.2 µl/s and 5 µl respectively. The tested specimens consist of 500-hour aged 
neat epoxy, 500-hour aged 1% Al2O3 nanocomposite, 500-hour aged 20% Al2O3 micro-
composite and 500-hour aged 1%+20% Al2O3 nano-mirco-composite. Multiple 
measurements were taken after the water droplet reached the surface of the 
specimens (0, 30 seconds, 60 seconds, 120 seconds, 180 seconds, 240 seconds and 
360 seconds respectively) and the results are shown in Table 6.2. Two examples of 
contact angle measurement on neat epoxy and 1% Al2O3 nanocomposite are shown in 
figure below. 
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Table 6.2  Contac angles of 500-hour aged specimens. 
Neat 1% Al2O3 20% Al2O3 1%+20% Al2O3 
Time (s) Contac Angle (°) Contac Angle (°) Contac Angle (°) Contac Angle (°) 
Left Right Left Right Left Right Left Right 
82 84.7 73.5 74 124 124.1 96.3 96.3 0 
55.9 56.7 54 49.7 104 105.7 61.2 61.2 30 
54.6 53.1 43.6 43.6 87.4 89.6 45.5 45.1 60 
50.7 50.3 32.1 32.1 70.6 71.8 36.8 34.1 120 
46.3 46.3 33.6 26.2 61.2 62.6 30 28.2 180 
42.4 42.4 31.6 24 54.4 55.6 27.5 26.3 240 
38.2 38.2 29.3 21.7 49.3 50.6 21.1 19.7 360 
 
The contact angle of aged neat epoxy was 82° (left) and 84.7° (right) when the water 
droplet first touches the surface of the specimen. After 360 seconds, the contact angle 
both decreased to 38.2° which is a decrease of 53%. The contact angle of aged Al2O3 
nanocomposite decreased 60% (left) and 71% (right) from 73.5° to 29.3° and 74° to 
21.7° respectively. The aged Al2O3 micro-composite specimen has the highest contact 
 
 
Figure 6.11 Snap shot of contact angle measurement on neat epoxy (left) and 1% Al2O3 
nanocomposite (right)  
82° 
 
73.5° 
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angle among all the tested specimens which is 124° (left) and 124.1° (right). The 
contact angle then decreases to 49.3° (left) and 50.6° (right) with a percentage of 60%. 
The Al2O3 nano-micro-composite has the highest percentage decrease of 78% from 
96.3° to 21.1° (left) and 80% from 96.3° to 19.7° (right). Based on the experimental 
results presented above, the nano-micro-composite has a significant higher contact 
angle throughout the measuring period. The contact angle is generally attributed to 
surface roughness, solution impurities adsorbing on the surface and surface 
heterogeneity. In this case, the high surface roughness caused by the aging process is 
considered to have the most contribution to the high contact angle. The nanofillers 
tend to decrease the surface roughness of the specimens caused by aging process. The 
results show that after 1% Al2O3 nanofillers are added to the neat epoxy resin and 
epoxy based micro-composite, the contact angle both show a decrease between 12% 
to 23%. These results show that the nanofillers and micro-fillers remained on the 
surface of epoxy resin after the accelerated aging process and they can still influence 
the surface properties of the material. 
 
6.2.4 AC breakdown and partial discharge testing   
The AC breakdown test and partial discharge test were applied to the same group of 
specimens. In the AC breakdown test, the specimens were tested before and after 500 
hours aging. Because the partial discharge test will not fully damage the specimens, 
the PD test was carried out on the surface of the specimens after 300 hours and 500 
hours respectively to investigate the degradation process on the surface of the 
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material. The same configuration of AC breakdown test specified in Chapter 3.2 was 
applied to the 500 hours aged specimens. The breakdown strength results of the same 
group of newly made specimens showed in Chapter 5.3.1 are also presented in this 
section for comparison. The results based on the median value of ten tested specimens 
of each type on newly made and aged neat epoxy, SiO2 and Al2O3 filled nanocomposite 
(NC_S and NC_A), micro-composite (MC_S and MC_A) and nano-micro-composite 
(NMC_S and NMC_A) specimens are shown in Figure 6.12. The error bar in Figure 6.2 
shows the maximum and lowest measurement among of the ten tested specimens. 
 
Figure 6.12 Breakdown strength of SiO2 and Al2O3 filled specimens before and after 500 
hours aging. 
In Figure 6.12, the neat epoxy specimens have the lowest breakdown strength of 32.45 
kV/mm and 30.8 kV/mm respectively both before and after the aging. A notable 
phenomenon is that 6 out of the 10 neat epoxy specimens physically cracked after the 
test, an example of the cracked specimens is shown in Figure 6.13. The error bar also 
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shows that the lowest reading of breakdown strength of the aged neat epoxy is only 
20.1 kV/mm which is significantly lower than the rest of tested specimens. Both of the 
Al2O3 filled and SiO2 filled nano-micro-composite specimens show higher breakdown 
strength both before and after the aging. The order of breakdown strength of the 
newly made Al2O3 filled specimens are NMC_A (34.45 kV/mm) > NC_A (34.05 kV/mm) > 
MC_A (33.2 kV/mm) and the aged specimens have the same order of NMC_A (32.6 
kV/mm) > NC_A (32.45 kV/mm) > MC_A (31.9 kV/mm). The order of breakdown 
strength of the newly made SiO2 filled specimens is the same as Al2O3 specimens which 
is NMC_S (34.6 kV/mm) > NC_S (33.7 kV/mm) > MC_S (33kV/mm). However, the order 
of aged SiO2 filled specimens changes to NMC_S (32.4 kV/mm) > MC_S (31.9 kV/mm) > 
NC_S (31.2 kV/mm). Among all the tested specimens, the SiO2 filled nano-micro-
composite (NMC_S) shows the highest breakdown strength before the aging process 
and the Al2O3 filled nano-micro-composite (NMC_A) shows the highest breakdown 
strength after the 500 hours aging process. Based on the above breakdown strength 
results, it can be concluded that the nano-micro-composite has the best performance 
in AC breakdown test and the superior properties remain after the 500 hours aging 
process. 
 
Figure 6.13 The cracked neat epoxy specimens after the breakdown strength test. 
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Surface partial discharge test specified in Chapter 3.2.2 was applied to the same group 
of specimens. The surface PD dissipation current was recorded and presented in Figure 
6.14. The surface PD dissipation current was measured before the aging, after 300 
hours aging and after 500 hours aging respectively. 
 
Figure 6.14 Surface PD dissipation current of neat, nanocomposite, micro-composite and 
nano-micro-composite specimens before and after aging. 
In Figure 6.14, the neat epoxy shows the highest PD dissipation current both before 
and after the aging. The dissipation current of neat epoxy are 28 nC/s before aging, 
32.9 nC/s after 300 hours of aging and 49.5 nC/s after 500 hours of aging. Before the 
aging, the newly made neat epoxy specimens show significant higher PD dissipation 
current than all the rest of nanocomposite, micro-composite or nano-micro-composite. 
The 1% Al2O3 nanocomposite (NC_A) has the lowest surface PD dissipation current of 
0.5 nC/s on the newly made specimens and the 1%+20% Al2O3 nano-micro-composite 
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(NMC_A) has the second lowest dissipation current which is 1.5 nC/s. Among all the 
SiO2 filled newly made specimens, 1%+20% SiO2 nano-micro-composite (NMC_S) has 
the lowest PD dissipation current. It can be concluded that the nanofillers show greater 
improvement in the surface PD resistance on the newly made specimens. After 300 
hours accelerated aging process, most of the specimens show a clear increase in the 
surface PD dissipation current except MC_A and NMC_S. The Al2O3 micro-composite 
specimen (MC_A) has the lowest surface PD dissipation current after 300 hours aging. 
When the aging hours reach 500 hours, the surface dissipation current of all the 
specimens significantly increase to the same level. The MC_A still has the lowest 
dissipation current of 36.8 nC/s and the second lowest dissipation current is recorded 
on the NMC_A specimen with a value of 42.4 nC/s.  
 
The surface PD dissipation results show that the accelerated aging process has 
significant effect on the surface PD resistant of the epoxy resin. The superior PD 
resistance of nanocomposite tend to reduce quickly with the increase of aging hours, 
but nanocomposite still has advantages after the aging comparing the neat epoxy. 
Compared to nanocomposite, micro-composite and nano-micro-composite tend to 
keep the superior PD resistance for a longer period. Another observation is that the 
Al2O3 filled specimens perform better than SiO2 filled specimens in this experiment. 
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6.3 Effect of accelerated weathering on nanocomposite of various filler loadings 
The nanocomposite specimens prepared for the accelerated aging test are listed in the 
Table 6.3. Similar to the specimens prepared in early chapters, epoxy resin Araldite 
CW177 with Hardener Aradur HY2954 are used to prepare the host polymer. SiO2, 
Al2O3 and MgO nano particles are used to manufacture nanocomposite. The SiO2 
nanoparticles Aerosil 300 is purchased from Evonik Degussa. The Aerosil 300 nano-
material is hydrophilic fumed silica with a specific surface area of 300 m2/g and the 
average primary particle size is between 7 nm to 30 nm. Al2O3 and MgO nano particles 
are from US Research Nanomaterial and the average primary particle size is 80 nm. 
Nano particles are dispersed into epoxy resin via in-situ polymerization method. 
Table 6.3 Nanocomposite specimens prepared for accelerated aging 
Specimens 
Nomenclature 
Percentage Loading Filler Type 
Neat N/A N/A 
SNC_01 1 wt% SiO2 
SNC_02 2 wt% SiO2 
ANC_01 1 wt% Al2O3 
ANC_02 2 wt% Al2O3 
MNC_01 1 wt% MgO 
MNC_02 2 wt% MgO 
 
6.3.1 AC breakdown test 
In order to gain a better understanding of the effect of aging on the electrical 
performance of the nanocomposite specimens, the AC breakdown test is performed 
on both newly made specimens and 500-hour aged specimens. The results of the 
breakdown test are shown in Figure 6.15 and Table 6.4. 
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Table 6.4 AC breakdown voltage before and after accelerated aging 
Specimens Percentage 
Loading 
AC Breakdown Strength 
New After 500 hours 
aging (kV/mm) 
Percentage 
Change (kV/mm) 
Neat 32.45 30.8 -5.10% 
1 wt% SiO2 33.7 31.2 -7.40% 
2 wt% SiO2 34.6 31.95 -7.60% 
1 wt% Al2O3 34.05 32.45 -4.70% 
2 wt% Al2O3 34.3 32.5 -5.20% 
1 wt% MgO 33.25 32.1 -3.50% 
2 wt% MgO 33.7 31.8 -5.60% 
 
 The results show that all the nanocomposite specimens have higher breakdown 
strength than neat epoxy both before and after the aging. For the newly made 
specimens, the 2 wt% SiO2 filled nano-composite has the highest breakdown strength 
(34.6kV/mm) among all the tested specimens. After the 500 hours accelerated aging 
test, the specimens with the highest breakdown strength is 2 wt% Al2O3 filled nano-
composite (32.5kV/mm).  
 
Figure 6.15 AC electrical breakdown strength of all the tested specimens before and after the 
500 hours accelerated aging. 
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The two SiO2-filled nanocomposite specimens show the biggest percentage decrease 
in breakdown strength after the aging process. This may due to the hygroscopic 
property of the SiO2 fillers since the multi-stress accelerated aging process has a 
condensation cycle which creates a lot of moisture. The results also indicate that Al2O3 
filled nanocomposite specimens have a relative better resistance against the aging. 
The 1 wt% and 2 wt% Al2O3 -filled nano-composite specimens have a breakdown 
strength of 32.45 kV/mm and 32.5 kV/mm respectively after aging which is higher than 
all the other tested specimens. The 1 wt% MgO filled nano-composite has the 
minimum percentage decrease after the aging process. But the actual breakdown 
strength of 1 wt% MgO specimens is just around the average. 
 
In Figure 6.15, the error bar indicates the maximum and minimum breakdown strength 
among the 10 tested specimens for each type of the specimens. It can be clearly 
observed that the neat epoxy specimens have a very high deviation after the 500 hours 
aging. The nanocomposite specimens have a much lower deviation compared with 
neat epoxy specimens. Another significant observation during the test is that a large 
amount of the neat epoxy specimens are broken after the breakdown occurs (6 out of 
10). But only one 2% wt SiO2 nano-composite   specimen is broken after the breakdown, 
all the other nano-composite specimens survived after the test. From the AC 
breakdown strength results, it can be seen that the nanocomposite has a clear 
improvement in breakdown strength both before and after the aging. 
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6.3.2 Partial discharge testing 
Partial discharge measurement on the surface of each specimen is carried out using a 
needle-to-needle electrode configuration. The PD events are recorded for 90 seconds 
after the voltage is applied. The PD dissipation current results are shown in Figure 6.16. 
 
Figure 6.16 Surface partial discharge dissipation current of all the specimens during the 
accelerated aging process. 
 
In Figure 6.16, the PD dissipation current of all the specimens increase with the 
increase of aging hours. The newly made nanocomposite specimens have a much 
lower dissipation current compared with neat epoxy. However, with the increase of 
aging hours, the dissipation current on nanocomposite specimens increases rapidly 
and the values are similar to the neat epoxy specimens after the 500 hours aging 
process. For newly made specimens, neat epoxy has the largest dissipation current. 
The SiO2 filled specimens also have a relative higher dissipation comparing the other 
two kinds of nanocomposite. However, the dissipation current of SiO2 is still much 
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smaller than neat epoxy. The dissipation current of 1 wt% SiO2 specimen is only 9.4 
nC/s which is 66.4% less than neat epoxy. MgO and Al2O3 filled specimens have even 
smaller surface PD dissipation current. The smallest recorded result is 0.1 nC/s from 1 
wt% MgO nanocomposite specimens. After the 300 hours aging, the dissipation 
current of neat epoxy increases to 32.9 nC/s which is an increase of 17.5%. The 1 wt% 
SiO2 nanocomposite specimens has an increase of 118.1% (20.5 nC/s). After 500 hours 
aging, the difference between all the specimens is less than 21.6%.  The highest value 
is neat epoxy at 49.5 nC/s and lowest value is 1 wt% MgO at 38.85 nC/s.  
 
6.3.3 Dynamic mechanical analysis 
Figure 6.17 indicates the tan delta results from DMA measurement. The tan delta 
results showed that nanocomposite samples exhibit a significant increase in glass 
transition temperature compared with neat epoxy. The glass transition temperature of 
the newly made 1 wt% Al2O3 nanocomposite specimens (ANC_01) and SiO2 
nanocomposite specimens (SNA_01) are 101.7 ℃ and 101.2 ℃ respectively. After the 
accelerated aging, the glass transition temperature increases to 102.3 ℃ (ANC_01) and 
102.5 ℃ (SNA_01) respectively. The neat epoxy specimens show a slightly decrease in 
glass transition temperature from 87.1 ℃ to 86.4 ℃ after the 500 hours accelerated 
aging. A possible explanation of the minor increase in glass transition temperature for 
the nanocomposite specimens is the water absorption. In epoxy resins, water has 
proved to be responsible for the creation of a secondary network of cross-links 
between free hydroxyls of the main chain of the resin. Water molecules do not act as 
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plasticizers, as expected, but in contrast make the polymer somewhat stiffer and 
brittler. 
 
Figure 6.17 DMA results of new and aged neat epoxy, 1 wt% Al2O3 nano-composite and 1 
wt% SiO2 nanocomposite specimens (tanD). 
6.3.4 FT-IR characterisation  
FT-IR spectrum results of neat epoxy specimens and SiO2 filled nanocomposite 
specimens are shown in Figure 6.18 and Figure 6.19. Both of the newly made 
nanocomposite and neat epoxy specimens have a weak response at 2927 cm-1 and 
2930(C-H) which disappeared after the aging process. The strong response at 1246 cm-
1 (C-O, stretching), 1182 cm-1 (C-O, stretching) and 1038 cm-1 (S=O, stretching) 
observed on both of the new specimens also disappeared after 500 hours aging. A 
notable difference between the nanocomposite and neat epoxy is that a peak at 1106 
cm-1 is observed on the 500 hours aged nanocomposite specimens only. This infrared 
absorption band occurring at 1106 cm-1 can be related to Si lattice. This observation 
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indicates that the SiO2 fillers are still remained on the surface of nanocomposite after 
long time aging.  
 
Figure 6.18 FT-IR results of new and 500 hours aged neat epoxy specimens. 
 
 
 
Figure 6.19 FT-IR results of new and 500 hours aged 2 wt% SiO2 nanocomposite specimens. 
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However, in 500 hours aged MgO and Al2O3 results (Figure 6.20 and Figure 6.21), the 
strong response between 1043 cm-1 and 1077 cm-1 disappeared after the accelerated 
aging. The FT-IR spectrum results of 500 hours aged MgO and Al2O3 specimens show 
no much difference between each other. A plausible explanation to this observation is 
that the nanoparticles on the surface of the material have been washed away by the 
moisture during ageing process. However, this observation cannot match with the 
results from PD measurement. Further thorough studies still need to be carried out to 
explain this observation. 
 
Figure 6.20 FT-IR results of new and 500 hours aged 2 wt% Al2O3 specimens. 
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Figure 6.21 FT-IR results of new and 500 hours aged 2 wt% MgO nanocomposite specimens. 
6.4 The effect of accelerated weathering on nanofillers in epoxy resin 
The experimental results presented above can help us to understand how the 
nanofillers affect the properties of epoxy resin from some of the aspects. In relation to 
the surface property of the material, from the surface PD results presented in Chapter 
6.5.2 and Chapter 6.6.2, it clearly indicates that nanocomposite tend to lose superior 
surface properties after the accelerated aging process. In the past studies, many 
researchers proposed that the interfacial area formed by the nanoparticles could be 
the dominant factor which improves the electrical property of the nanocomposite 
(Figure 6.22.a) [12]. The observation in the PD measurement results, however, shows 
that the interfacial area between nanoparticles and the host resin is destroyed by the 
degradation of the resin. Since the epoxy resin degrades faster than the inorganic 
fillers, the nanoparticles will remain on the surface of specimens after the accelerated 
aging process (Figure 6.22.b) or even be washed away be the moisture (Figure 6.22.c).  
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In both two cases, the interfacial area can no longer be formed between the 
nanoparticles and epoxy resin. The nanoparticles, especially those on the surface of 
the specimen can no longer benefit from the unique nano structural bond between 
the host matrix and the fillers. Thus, the surface property of the aged nanocomposite 
has no much difference from aged neat epoxy.  
  
Figure 6.22 Schematic presentation of the surface degradation due to multi-stress aging 
process. (a) Nanocomposite before aging. (b) Nanoparticles remain on the surface after 
aging. (c) Nanoparticles are washed away by the moisture after aging. 
 
Based on the water contact angle measurement presented in Chapter 6.4, both the 
nanofillers and micro-fillers are still influencing the surface properties of the epoxy 
resin after the aging process. The FT-IR results also show a clear infrared absorption 
band occurring at 1106 cm-1 which can be related to Si lattice in SiO2 filled specimens 
after the aging process. What happened after the aging process could be the second 
case, where the particles remain on the surface of epoxy resin, but the interfacial area 
no longer exists. This is one possible explanation to the observations in the results 
presented in the above sections.  
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For the bulk properties of the material, the results from AC breakdown test show that 
the specimens filled with nanofillers still perform better after the aging process. This 
is because the degradation only happened on the surface of the material which 
eventually results in a decrease in the effective thickness of the dielectric material as 
shown in Figure 6.23. It is called effective thickness because this is not physically a 
direct decrease in the thickness of the material (there is also a physical decrease in 
thickness, but the value is very tiny) but only reduce the dielectric property of the top 
layer (degradation depth) as shown in Figure 6.23 (b). Thus, the decrease of 
breakdown voltage which is observed on all the aged specimens in the AC breakdown 
test are most likely caused by the decrease of the effective thickness. Whether 
nanofillers or micro-fillers can reduce the thickness of the conductive layer caused by 
degradation is still waiting to be proved. The nanocomposite is considered to have 
strong bonding between the fillers and polymer matrix, so that it is also possible that 
the nanofillers reduced the degradation depth and results in a higher breakdown 
voltage compared to neat epoxy after the aging. 
 
 
 
 
 
 
 
 
 
                                            
Figure 6.23 Schematic of the effective thickness of the aged specimens 
More 
Conductive 
Layer 
Effective 
Thickness 
Effective 
Thickness 
(a) Before Aging (b) After Aging 
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In summary, both nanofillers and micro-fillers can remain on the surface of epoxy resin 
for a long period of time. Better performance is recorded on the nano-micro-
composite specimens which are filled with both nanofillers and micro-fillers. The 
superior properties provided by the nanofillers reduce with the increase of aging time, 
but compared to the neat epoxy, both nano-micro-composite and nanocomposite still 
have many notable advantages. 
 
6.5 Summary 
In this study, thirteen types of specimens filled with different fillers and different filler 
loading are prepared and aged for comparison. All the thirteen types of specimens 
tested in this chapter can be generally categorised into neat epoxy, nanocomposite, 
micro-composite and nano-micro-composite. Based on the experimental results 
presented in the above sections, the properties of tested specimens can be concluded 
in Table 6.5. 
 
Table 6.5 Performance of the tested specimens. 
Properties 
Neat Epoxy Nanocomposite  Micro-composite 
Nano-micro-
composite 
New Aged New Aged New Aged New Aged 
AC Breakdown 
Strength  
Low Low Medium Medium Medium Medium High High 
Surface PD 
Resistance 
Low Low High Low Medium Low High Low 
Glass Transition 
Temperature 
Low Low High High Medium Medium High High 
Thermal 
Stability 
Low Low Medium Medium Medium High Medium High 
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According to Table 6.4, the filled epoxy resin specimens have better performance in 
almost all the aspects. Nano-micro-composite has many advantages compare to neat 
epoxy and micro-composite. When comparing nano-micro-composite with 
nanocomposite, the superior bulk properties achieved on the newly made specimens 
tend to remain in the nano-micro-composite even after accelerated weathering 
process. 
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Chapter 7 Conclusion and Future Works 
7.1 Conclusion 
This thesis presents a comprehensive study on the effect of accelerated weathering on 
the nanocomposite together with nano-micro-composite and micro-composite. To 
evaluate the long-term performance of the nanocomposite, for the first time, the QUV 
weathering tester was used to applied accelerated aging method on the 
nanocomposite specimens. In addition, an innovative dispersion method, planetary 
centrifugal mixing technique, was used to synthesis the nano particles filled composite 
specimens and the performance of this new dispersion method was studied and 
discussed. Compare to the sonication which is the conventional dispersion technique 
in the laboratory, planetary centrifugal mixing technique shows advantages of short 
mixing time and good reproducibility and this mixing technique has the potential to be 
used in the mass production of nanocomposite. The nanocomposite, micro-composite 
and nano-micro-composite specimens synthesised using planetary centrifugal mixing 
technique shows better performance in many aspects comparing the neat epoxy both 
before and after the accelerated aging process.  Among all the tested specimens, the 
best overall properties are observed on the nano-micro-composite specimens with 
high breakdown strength, high surface PD resistance, high glass transition temperature 
and medium thermal stability. A series of experimental works and theoretical studies 
have been carried out and are summarised in the following. 
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In Chapter 1, the motivation and objectives of this thesis are presented. The study on 
the effect of accelerated weathering on nanocomposite and the evaluation on the 
planetary centrifugal mixing technique have been identified as the key contributions 
by the author. The progressive and logical structure of the thesis is presented and the 
publications from this research are also listed.  
 
Chapter 2 provides an in-depth literature review on the nanocomposite in the 
application of polymer electrical insulation material. Common types of polymer host 
matrix and nanofillers are introduce in this chapter. The synthesising techniques and 
dispersion methods are also presented. The studies on the long-term performance of 
nanocomposite using electrical erosion test and UV stability test have been reviewed 
to provide the foundation to this research work. 
 
Chapter 3 introduces the material characterisation techniques that have been adopted 
in this research. The material characterisation techniques include AC dielectric 
breakdown test, partial discharge test, dynamic mechanical analysis, thermal 
gravimetric analysis, water contact angle measurement and Fourier transform infrared 
spectroscopy. Two models that has been used to discuss and explain the observations 
in the experimental works are also presented in this chapter. 
 
In Chapter 4, the synthesis method of nanocomposite and the common procedure are 
offered in the first section. An investigation on the performance of two dispersion 
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techniques: sonication and planetary centrifugal mixing technique are also presented. 
The observations show that longer mixing time are required for sonication and more 
air bubbles are produced in the sonication process. The planetary centrifugal mixing 
technique has been proved to be efficient in a shorter mixing time and the degassing 
program can help in reducing the air bubbles. Because of these advantages, planetary 
centrifugal mixing technique is chosen as the dispersion method to synthesis all the 
specimens in this research. 
 
Chapter 5 presents the experimental results on the newly made specimens. The 
nanocomposite and nano-micro-composite both have significant improvement in both 
electrical, mechanical and thermal properties comparing to neat epoxy. The SiO2 filled 
nano-micro-composite has the highest breakdown strength and the MgO filled 
nanocomposite has the best resistance against surface PD. The nanocomposite has a 
clearly increase in the glass transition temperature, but the nano-micro-composite has 
no significant improvement comparing to neat epoxy. The micro-composite shows the 
best thermal stability among all the tested specimens. It can be concluded that 
different types of nanofillers can provide improvements in different properties and the 
nano-micro-composite is showing the best overall properties among all the tested 
specimens (High breakdown strength, high surface PD resistance, high glass transition 
temperature and medium thermal stability). 
 
In Chapter 6, thirteen types of specimens filled with different fillers and different 
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percentage loading are aged using QUV accelerated weathering teste. All the thirteen 
types of specimens tested in this chapter can be generally categorised into neat epoxy, 
nanocomposite, micro-composite and nano-micro-composite. According to the 
experimental results, the filled epoxy resin specimens have better performance in 
almost all the aspects comparing to neat epoxy both before and after the accelerated 
weathering process. Both nanocomposite and nano-micro-composite have many 
advantages compare to neat epoxy and micro-composite. When compare nano-micro-
composite with nanocomposite, the superior bulk properties achieved on the newly 
made specimens can remain in the nano-micro-composite even after a long period of 
time while the nanocomposite tend to loss those superior properties with time. 
 
7.2 Suggestions for future work 
The future paths of this research is wide open, suggestions for the future works are 
listed below. 
1) Perform extensive accelerated aging on the specimens to simulate the failure 
of outdoor insulators until significant decrease in AC breakdown strength is 
observed. In this case, the effect of electric field should also be considered. The 
specimens can be placed in a fog chamber with UV radiation and energised 
with high voltage. The humidity, UV radiation and temperature should be 
monitored and controlled without interrupting the experiment. This work will 
require extensive setup and a purposed built aging chamber. 
2) Different materials can be studied to further extend the knowledge on 
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nanodielectric. Silicone rubber is another widely used polymer, the long-term 
performance of nano filled silicone rubber should also be studied. Other types 
of nanofillers such as ZnO can also be used to functionalise the material and 
investigate whether there is a type filler can extend the lifetime of the polymer. 
3) The long-term performance of surface modified nanocomposite can be studied. 
Nanocoating technique may be an effective method to slow down the 
degradation on the surface of polymers. Surface modification can also be 
applied to nanofillers to improve the dispersion and create more interfacial 
region. The effect of modified nanofillers on the long-term performance of 
nanocomposite is also worth to study. 
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